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CORTICAL RESPONSE OF THE ANESTHETIZED CAT TO 
GROSS PHOTIC AND ELECTRICAL AFFERENT 
STIMULATION* 

W H MARSHALL, S A TALBOT and H W ADES 
Wilmer Ophthalmological Institute of the Johns Hopkins University and Hospital, 

Baltimore, Maryland 

(Received for pubhcation July 31, 1942) 

Introduction 

These experiments were undertaken to determine some of the general 
aspects of the cortical reactions to photic and electncal stimulation of the 
visual system m the cat Bartley and Bishop (2) first observed that the re- 
sponse of the rabbit’s cortex to electncal stimulation of the optic nerve con- 
sisted of a complex senes of events The cat’s cortex, which is somewhat 
more mterestmg for purposes of anal 3 nsis, has been explored m different ways 
by several experimenters KommuUer (12) observed that the spontaneous 
rhythms could be modified by photic stimulation, and that "on” and "off” 
responses could be superimposed on the rhythms The extent of the cortical 
area which gave a more or less characteristic rhythm and defimte responses 
was mapped Gerard, Marshall and Saul (10, 11) made somewhat similar ob- 
servations and explored the extent of the area givmg visual response They 
used concentnc needle electrodes and a loud speaker as mdicatmg device 
They reported a larger area than that found by KommuUer Theur area 
more nearly resembled that suggested by Pohak (20), mcludmg what he then 
labeled as stnate and extra-stnate visual cortex Also m disagreement with 
KommuUer’s restnction of visual responses to area 17, Talbot (21, 23, 24) 
found "primary” visual responses m the cat to be evoked locaUy m both 17 
and 18 by photic stunuh locahzed m the field O’Leary and Bishop (18, 19) 
mapped the apparent visual projection area m the rabbit usmg electric 
shocks to stumUate the optic nerve They found that both stnate and an 
area usuaUy considered to be parastnate were mvolved Claes (7) reported 
observations on the visual system of the cat made on the isolated encephalon 
preparation 

The present experiments were essentiaUy a contmuation of the observa- 
tions on the pnmary projection system of the somatic sensory system by 
MarshaU, Woolsey, and Bard (13, 14, 26) 

METHOD 

Action potontinls were led from the pial surface by cotton thread electrodes which 
were connected to a two channel cathode-ray recording system The electrodes used were 
"monopolar,” though many checks were done wotb "bipolar” leads subtendmg a short 
distance on the surface of the cortex, or i ertically onented on and within the cortex The 
electrodes were held m a modified Horsley-Clarke stereotaxic instrument Various kmds of 
photic st imulation were used For many expenmen ts a neon lamp dnven by a pulse 

MnrkJFounSion”' from the John and Mary R 
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generator was employed For others an incandescent lamp was focused on a translucent 
light scattering cover placed as a contact lens on the cornea, and the heam was interrupted 
by a rotating slit The duration of flash was from 1 msec upward The inside of the cover 
had a brightness of 30 to 250 mL and was equivalent to lUummating the entire visual field 
at these levels Usually only monocular stimulation was used, but in some experiments 
both eyes were stimulated simultaneously with hght of about the same intensity by sphttmg 
the beam from the mcandescent lamp Observations were also made on the cortical po- 
tentials evoked by stimulation of the optic nerve by single electrical shocks Nembutal 
was usually employed as a general anesthesic, but in some experiments ether was used 
Observations on the amphtude of the response, sensitivity, threshold, and latency were 
made at various depths of anesthesia In the earlier experiments of this senes the pupil was 
dilated by atropine after it was observed that atropine had an exciting effect on the cortex 
(22) it was discontmued and hyoscine was used instead 

Intracortical and subcortical recording was accomplished by small steel suture needles 
insulated to the tip, or by electrodes consisting of No 40 enameled stainless steel wire 
with an outside diameter of 76 micra Smce the Horsley-Clarke apparatus was constructed 
of stainless steel this electrode arrangement was relatively free from polanzmg voltages 
Pomts at which observations were taken were marked by a modification of the iron deposi- 
tion method of Hess (16) For some of the observations the optic nerve was stimulated by 
single shocks For this purpose the eye was resected, the retina cut off around the optic 
disc and the remnants of the retma were then tied to a silver wire Another silver wire 
supported on a umversal joint constituted the second stimulating electrode 


Results 

The sign of the electncal response at the cat's cortex following photic 
stimulation is most typically, but not always, mitiaUy surface positive, and 
has a latency of 17 to 25 msec Any stimulation of moderate to high m- 
tensity produced dorsally more than one surface positive wave, the mterval 
between them bemg 40 to 80 msec As many as 5 such responses often oc- 
curred, foUowmg a smgle brief photic stimulation It is doubtful that a 2 
msec flash produces an "ofiT’ effect, but the multiple response occurs never- 
theless (4, 22) Multiple responses are obtamed even with long flashes 200 to 
300 msec m duration While the analysis of the multiple response phe- 
nomenon IS not the concern of this paper, it should be pomted out that it is 
readily ehcited under anesthesia of such depth that spontaneous activity is 
neghgible 

With nembutal anesthesia, there appear to be two general t 3 rpes of cat 
preparations based on characteristics of the cortical response The first type 
is the most numerous and gives responses which are predommantly surface 
positive with a comparatively small negative component foUowmg each 
positive wave The second type of preparation yields potentials m which the 
predommant phase is negative Apparently either the negative wave may 
begm a few msec after the imtiation of the positive wave, and thus cancels a 
considerable part of the positive component of the response, or the positive 
wave may be mtnnsically smaller Occasionally the mitial positive phase is 
insignificant It occurred to us that this difference m charactenstics nught be 
correlated with the fact that some cats show an imtial excitement stage while 
gomg mto nembutal narcosis In some of the animals this reaction is com- 
parable to the reaction foUowmg morphme administration m the cat We 
have, therefore, made it a pomt to compare the type of response to photic 
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stimulation ui all cats which show this reaction, but there is no correlation 
An example of the predommantly negative type of response is shown in 
Fig 1-2 and 8 , m which it is seen that the first response of the senes is defi- 
mtely diphasic with positive phase first The second response is imtially 
negative with an ensumg positive phase at certam pomts on the dorsal stnate 
area At other pomts it is negative with no appreciable positive phase In 
some preparations aU positive phases are small or neghgible 

In general, however, in moderately or deeply nembutahzed preparations 
the imtial response is a defimte positive wave Under hght nembutal anes- 
thesia the succeedmg negative wave is usually more pronunent, if more 
anesthetic is administered (mtrapentoneaUy or mtravenously) the negative 
wave IS usually reduced or obhterated, leavmg the typical predommantly 
positive wave characteristic of most of the primary sensory reactions of the 
cortex m somatic, auditory or visual systems Apparently, the negative 
wave of the response tends to be reduced by the barbiturates along with the 
spontaneous cortical potentials The clearest demonstration of the dtfference 
between the positive and negative components m this sensory reaction is 
that shown by the picrotoxm-cocame reaction of Curtis (8). The picrotoxm 
IS apphed to a spot on the stnate cortex and after several mmutes the initial 
positive wave is enhanced and a large negative wave develops If a depressmg 
agent such as nembutal is now apphed on the same spot, the negative wave 
qmckly disappears leavmg the enhanced positive wave 

It is not certam that there is discharge over projections from the stnate 
cortex to either the tectum or the suprasylvian gyrus in typical deeply 
anesthetized preparations m which the amphtude of the negative phase of 
the response is neghgible If picrotoxm is apphed, however, the negative 
wave produced by the drug m the stnate area is accompamed by obvious 
electncal responses or defimte changes of activity m the tectal and pretectal 
region and on the suprasylvian gyrus If nembutal is now apphed to the 
same spot the negative wave disappears and the response observed m the 
tectum or the suprasylvian gyrus always becomes small and usually disap- 
pears This relation is not always diagrammaticaUy clear however, and some 
observations mdicate that the negative wave apparently was ehmmated m 
the stnate area without completely ehmmating the associated response 
which was initiated or facihtated by the picrotoxm This may only mean 
that some negativity which stiU remams is cancelled out by the enhanced 
positive wave and so does not appear on the records We have not thoroughly 
explored the thalamus and lateral gemculate for evidence that the cortical 
projection reaction initiated by picrotoxm is actually projected to those 
regions Certainly, in the lateral gemculate it is not obvious, and this fact 
agrees with the lack of anatomical evidence that the stnate projects to the 
geniculate of the cat 


The hypothesis that different mechamsms are responsible for the posi- 
tive and negative waves is given support by observations on the mter- 
nction between tvo eyes This has been done by electncally stimulatmg the 
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optic nerve on one side at various intervals before and after photic stun^a- 
tion 18 applied to the other eye If the photic response is approximately 
completed when the electrical shock is dehvered at the opposite nerve, the 
surface positive cortical response to the latter is considerably subnormal, but 
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234 



Fig 3 Stnate response to single 
shock appbed to contralateral optic 
nen'e text 


Fig 2 Showing substantial degree of 
independence of the piositive and negativ e re- 
sponse mechanisms Photic response leadmg a 
response to smgle weak electric shock on the 
contralateral optic nerve The interv'als be- 
tween the initiation of the photic response 
and the application of the shock are indicated 
at right of oscillogram At a the positiv e phase 
of electric shock is subnormal and negative 
phase absent 5 shows 4th component absent 
but negativ e phase enhanced c more enhance- 
ment of negativ e vv av e vvnth positiv e components about same as in 6 d shows enhancement 
of last positiv e and negativ e phase c is response to the electric shock only 


shock 

only 


the negative wave following it may show sigmficant enhancement both in 
amplitude and gradients of the waves (Fig 2) 

The composition of the cortical wave obtained by photic stimulation is 
probably the result of algebraic addition and temporal dispersion of the 
spike wave series e\ oked bj-^ electrical stimulation of the optic nerve. Fig 3 
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The latter reaction consists of three spikes of axon time-dimensions, and 
a slower wave The first spike starts with a latency of about 1 5 msec The 
second is typically a smaller one occumng about 0 8 msec after the imtia- 
tion of the first spike, and on or near its peak the third spike begins The 
third spike, perhaps also the second spike, is superimposed on the nsmg 
phase of the slow wave, and its peak occurs about 1 2 msec after the begm- 
mng of the first spike The slow surface-positive wave appears to start nsmg 
from the base hne about the time at which the first spike process is con- 
cluded It IS usually followed by a more or less promment negative wave, 
and, as m the case of the photic response, the negative wave is sometimes 
more promment than the positive wave 

This spike wave is similar to that descnbed by Bishop and O’Leary (5) 
There may, however, be a disagreement regarding what we designate as the 
second spike In our records it almost always occurs as shown m Fig 3 
Occasionally on contralateral stimulation, but more often when the ipsi- 
lateral nerve is stimulated, and perhaps dependent on the position of the 
lead on the visual cortex, the second spike is temporally separated from the 
third spike so that it is clearly revealed as a distmct entity The first and 
second spikes are both resistant to cortical depression produced by failure of 
circulation, apphcation to the pia of hypertomc salt solutions, distUled water, 
or depressmg irugs Both exhibit short recovery times, and when the shock 
frequency is mcreased to 20 per sec both of these spikes are attenuated much 
less than the succeedmg cortical components These characteristics suggest 
that each is a gemculate projection reaction The first spike may represent 
the mvasion of the cortex by the radiation reaction and the second may 
represent a similar process of a reaction which has been delayed in the later^ 
gemculate body by transference across mtemeuronal cells m that nucleus 
However, electoic shocks apphed in the region of the optic radiations near 
the lateral gemculate produce the same spike pattern as is obtamed by 
stimulation of the optic nerve While this nught result from antidromic 
effects, the probabdity is that the second spike is cortical m ongm 

If a monopolar steel needle electrode insulated to the tip, or an enameled 
steel wire 75;u in diameter, is slowly pushed into the cortex, fairly defimte 
discontmmties appear m the record at characteristic levels which can be 
identified by a smtable marking techmc (15) On the surface of the pia the 
spike wave series is seen (Fig 3) In the upper part of layer III or m layer II 
the slow surface positive wave is not recorded, m lower III or upper part of 
layer IV the surface positive wave is recorded as a smaller negative wave 
The third spike is not recorded m lower HI, and m the lower part of IV it is 
mverted Withm layer IV the second spike disappears and the first cortical 
spike shows reduced amphtude Withm the limitations of this evidence, 
these observations mdicate that the fourth (slow) cortical component of the 
surface response is elaborated mainly m layers II and I, the third component 
m layers III and II, the second m layer IV and perhaps part of the first 
component also in layer IV 
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The slow surface positive wave is composed of many smaller reactions 
algebraically added, each of which has a longer duration than the spikes 
which precede it Thus can be seen when the frequency of the stimulus is m- 
creased to about 20 per sec , the first and second spike components imdergo 
relatively little reduction, the third spike is senously reduced, and the fourth 
component is very small and composed of fluctuating small waves These 
wavelets sometimes fluctuate qmte regularly, with a long period of about 7 
sec , and may be correlated with similar fluctuations m components at the 
gemculate When the stimulus is repeated at cycles of 1 per sec or less, the 
fourth component often shows 2 or 3 defimte inflections, suggesting that it is 
composed of reactions mvolvmg at least three systems of cortical neurons 

General distribution of responses 

There is a stnkmg difference between the amphtude of the response on 
the postenor half of the gyrus laterahs and the entire gyrus laterahs pos- 
tenor On the gyrus laterahs the positive wave is t 3 rpically much larger than 
that on the g)nrus laterahs postenor and the negative wave foUowmg the 
positive wave is relatively smaller Observations on sections of brains of some 
of these cats mdicate a significant correlation between the population 
density of larger cells m layers II and III and the amphtude of the surface 
positive wave 

The antenor boundary of the gyrus laterahs has been studied with some 
care and it has been found that electncal responses to photic stimulation 
occur withm 2 or 3 mm of the junctions of the ansate and margmal sulci. 
Fig 1 The apparent visual projection area tends to follow the splemal sulcus 
as it curves upward at its antenor end These observations have been 
checked with differential, or bipolar leads, one electrode bemg on the surface 
near the active area and the other just on the edge The position of the 
antenor boundary is not a function of depth of anesthesia, whether nembutal 
or ether is employed The identification of small responses is more difBcult 
when spontaneous activity is mtense, but average observations show that the 
fundamental reaction of the primary projection system is about the same, 
though negative components are larger and more defimte in hght anesthesia 
The boundanes correspond closely We have checked this cortical region 
anatomically by making small lesions m the ipsilateral cortex and observmg 
retrograde degeneration m the gemculate 10 to 30 days later (Fig. 4) This 
evidence, while not mvulnerable, agrees very well with the electncal evi- 
dence and indicates that the gemculate does project somewhat more an- 
teriorly on the dorsal cortex than the maps of Campbell (6), Mmkovski 
(17), and Kommuller (12) indicate 

In nearly every expenment defimte responses were found on the postenor 
half of the suprasylvian gyrus Usually they are smaller m amphtude and 
often their latencies are the same as those of the stnate area responses 
These responses are seen not only when monopolar leads are used, as some 
experimenters have reported, but have been regularly observed with bipolar 
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electrodes onented in several different ways They are usually single in 
moderately deep nembutal anesthesia The first type of response m the supra- 
sylvian shows many of the charactenstics of pnmary sensory reactions and 
agrees with the observations made with localized photic stimuh (24) Reac- 
tions of this type are particularly common over the entire posterior half of 
the suprasylvian gyrus It has not yet proved possible to observe clear de- 
generation in the lateral gemcidate following circumscribed lesions m the 
suprasylvian gyrus If there is any such degeneration it is not obvious to us, 
and IS certamly not comparable to the type seen foUowmg lesions m the 
stnate area Tins matter is stdl under investigation However, when enough 



Left Geniculate Right Genicuiate 


Fig 4 Localized retrograde degeneration reaction m geniculate following lesion in 
anterior part of marginal gyrus as indicated in picture of bram m upper left Arrow indi- 
cates degenerated region in left geniculate 


tune has elapsed foUowmg area stnata removal for retrograde degeneration 
to be well developed in the lateral gemculate, responses to photic stimulation 
are no longer obtamed from the suprasylvian 

At various regions of the suprasylvian gyrus, there is often present a 
second lype of response which has considerable amphtude and a longer 
latency than the primary response It t 3 rpically disappears in deep anesthesia 
This component is apparently due to activation of association fibers pro- 
jected from the stnate area to the suprasylvian cortex and can be clearly 
demonstrated by the picrotoxm-nembutal reaction as discussed above 
An area made up of the lateral middle part of the suprasylvian gyrus and 
often extendmg over onto the ectosylvian gyrus across the ectosylvian sulcus, 
shows a cunous reaction It is quite well locahzed in this region (region 1 on 
the chart. Fig 1), whether electncal (Fig 5), or photic stimulation is used 
(Fig 1), and it is usually found ipsdaterally, as well as contralateraUy to the 
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stimulated side Its relation to the visual pattern has not been mvestigated 
It persists after both stnate cortices have been removed and the tectal region 
separated from the gemculo-thalamic region by a sagittal knife cut The 
threshold to electrical stimulation is higher than that for the stnate reaction, 
but IS of the same order of magmtude This reaction lacks the spike sequence 
of the stnate reaction (Fig 5) 

Discussion 


As many mvestigators have recogmzed, the phases of cerebral action po- 
tentials can be, at least, partly accounted 
for on the assumption that impulses ap- 
proachmg the electrode produce positive 
signs, those leavmg the electrode produce 
negative signs, and that those approachmg 
and passmg the electrode show two promi- q 
nent phases, plus another less promment 
one, with positive phase usually first These 
considerations become more comphcated 
when the neurones (and hence the resultmg 
dipoles) are short compared with the veloc- 
ity and wavelength of the reaction, or m 
cases where strata of vertically onented 
neurones may be mvolved as m the cortex 
The proximity of a non-conductmg boun- 
dary also enters mto the situation In aU 
cases it IS probable that the reactions sum 
to produce a higher potential when the 
electrode is just over the dipole stratum C 
than when it is withm it 



It appears to us that these general con- 
siderations are just as apphcable and, per- 
haps, more useful for certam problems than 
attemptmg to apply ngorously the theo- 
retical treatment of Wdson, McLeod and 
Barker (25) The smallest electrode we used 
was 75ii which is sufficiently large to make 
kiUed-end effects sigmficant, and these 
have the property of exaggerating the first 
positive phase of approachmg reactions, 
relative to the negative phase of receding re- 
actions How sigmficant this factor is we do 



Fig 5 Comparison of response 
from region 1 (a) and stnate re- 
sponse (b) of the suprasyhnan to 
electnc shock to contralateral optic 
ner\e C is 1000 cycles 


not know, but we do not believe it is senous It is worth pointing out that an 
electrode on the pial surface is virtually a dead end lead, and that one placed 
in a nucleus is somewhat similar in principle because of the synapse delav 
factor vhich temporarily separates the approaching and receding reactions 
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If the dipoles produced by these respective reactions are of a sufficient mag- 
lutude, as is the case when recording from the lateral geniculate, the optic 
tract reaction there and the succeeding radiation reaction may each be the 
theoretical tnphasic spike senes with the one major phase of each reaction 
reversed (see also 16) 

Pendmg further information we suggest that the records indicate that 
the fourth component can be attnbuted to activity in the plexiform layer I, 
the third component to layers II and III and the second component to layer 
IV The first component may be considered to be elaborated by radiation 
endmgs The probabihty is that the second component is the result of 
synaptic activation of a short dipole confined to layer IV Negative waves, 
recorded on the pia, are recorded in reverse phase m the lower layers of the 
cortex This agrees with the idea that the ascendmg electrical processes are 
surface positive and the descending processes are surface negative 

Exactly what enters mto the S 3 mthesis of the fourth or wave-hke com- 
ponent we cannot say It is composed of at least three components, and per- 
haps one of these may arise from the long cell processes which enter the 
plexiform layer The tangential component of the reaction m the plexiform 
layer should be significant for reactions mvolvmg this layer This wave is 
summed of activities of neurones havmg longer tune parameters than those 
of the spike-producmg neurones It should be also recogmzed that, perhaps, 
m these systems the factor of synapse-tune may be radically different than 
that concerned in the spike reactions The latter may all have a fimte syn- 
apse-time similar to that of the gemculate, or the Hid nerve nucleus Syn- 
apses of the free axon endmg types, on the other hand, may have a variable 
transmission tune which under certain conditions of excitation may be zero 
This variabdity would permit temporal dispersion to play a greater role m 
the elaboration of wave-hke responses and hence collaborate m the summa- 
tion of reactions of small potential mto smooth wave shapes 

The fact that photic stimulation sometimes evokes responses which are 
entirely or predonunantly surface negative mdicates that under certam 
conditions, which have not yet been defined, the negative or corticofugal 
reaction overshadows the positive component, or that the positive compo- 
nents are lackmg Electrical shock stimulus apphed to the optic nerve, how- 
ever, shows that the first three (spike) components are always present and 
positive This IS probably true also for photic stimulation, but the temporal 
dispersion, m this case, conceals the detail The fourth or wave-hke com- 
ponent, however, sometimes exhibits only a small positive component which 
may be followed by a large negative wave, or the negative wave may ob- 
viously begin durmg the nsmg phase of the positive component and thus 
partially cancel it The negative wave, when at its maximum, has a much 
higher electrical amphtude as indicated by the strychmne and picrotoxm 
reactions Hence, it is clear that under favorable conditions for excitation 
of the corticofugal neurones or descendmg mtra-cortical pathways, and with 
the temporal dispersion assoaated with photic responses, that the negative 
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component of the reaction may completely mask the positive components 
While m general, we beheve it is correct to speak of the negative reactions 
as mdicatmg corticofugal activity, it is obvious that descending mtracortical 
reactions would be accompamed by surface negative signs whether the pro- 
jection neurones are activated or not There is also the possibihty, mentioned 
by Adrian, that activity propagated tangentially in the cortex may exhibit 
negative waves The promptness with which nembutal abohshes the negative 
picrotoxm reaction suggests, m this case, that the reaction is coupled through 
the plexiform layer It is possible, however, that other negative reactions 
are imtiated without the participation of the plexiform layer This would 
help to explam why the positive phase is sometimes missmg 

Another factor of equal importance m the relative size of the negative 
phase, IS the summation mterval of the neurones participatmg m the nega- 
tive reactions The mteraction illustrated m Fig 2 shows this over a fairly 
short mterval Much longer mtervals can regularly be demonstrated by the 
picrotoxm reaction, if a multiple response to photic stimulation is occurrmg 
When three or more successive surface positive responses are foUowmg each 
flash of hght, and when picrotoxm has been applied to the surface of the 
cortex, the characteristic picrotoxm (or strychnme) effect is seen first on the 
last response A few seconds later it moves to the next response, and so by 
steps, it advances to the first response This mdicates that the positive reac- 
tions exert a cumulative effect on the exatabihty of the neurones mvolved 
m the negative response, and that such summation may extend for at least 
300 msec It follows that after several conditiomng volleys of thalamic or 
other ongm, that the corticofugal mechanisms may be activated by a com- 
paratively small stimulus Hence, the positive component may be so small 
that it IS not seen This may be sigmficant m instances m which "spon- 
taneous” waves of the cortex are, apparently, entirely negative It also ex- 
plams why a more promment negative phase is often seen m the second or 
third response when the responses are multiple and, also, why the "ofT’ 
response is often predominantly negative as m Fig 1, 2 and 8 

Our employment of picrotoxm to produce corticofugal discharges is, m 
principle, merely a modification of the techmc so bnlhantly employed by 
J G Dusser de Barenne and his collaborators Our method of using these 
drugs IS more similar to that of Bartley, O’Leary and Bishop (3), and our 
apphcation of the method originated with Curtis (9) who found that apph- 
cation of strychnine to the surface of the pia usually enhances any reaction 
aheady present and often produces large negative components where none 
existed previous to the apphcation The important fact was that under condi- 
tions of repetitive stimulus at, say, 1 per sec , the strychmne response tied 
in with the response to a penpheral tactile stimulus An area of the somatic 
sensory cortex, for mstance, which was the locus of a surface positive re- 
sponse following a penpheral tactile stimulus, will, after application of the 
strychnme, yield an enhanced surface positive wave immediately followed 
by a large negative wave which is in turn accompanied by responses in other 
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loci of the cerebrum to which association fibers are projected from the 
strychmmzed area This phenomenon differs from that of the Dusser de 
Barenne school in that, if the stimulus is repeated at a set frequency (often 
as low as one in 10 sec ) few or no uncontrollable spontaneous stiychnme 
discharges occur in preparations anesthetized with usual dosages of nembutal 
or dial That is, the system is now equihbrated and operatog m a quasi- 
stationary state Each stimulus cycle causes the entire response cycle to re- 
peat the pattern recumng with nearly or qmte the same characteristics on 
the successive cathode ray traces Curtis (8) also apphed cocame to the same 
spot and thereby temporarily abohshed the negative phase of the convulsant 
drug reaction This makes it possible convemently to turn the corticofugal 
mechanisms on and off The advantages of this techmc for certam t3q)es of 
experiment are obvious 

Curtis tested several excitants (9) and found that picrotoxm is slow to 
act, but IS the most potent, and that its effect persists for several hours, 
metrazol acts rapidly, but the effect persists for only a few mmutes, and 
strychmne acts in 5-15 min and persists for 30-40 mm Picrotoxm in con- 
junction with nembutal has been regularly used for these experiments It is 
worth pomtmg out that this techmc reduces the necessity of usmg several 
parallel recorders with contmuous film and tnangulation to locate the areas 
or regions actually reactmg This follows because the reaction is recumng 
on the oscillograph tubes m approximately the same pattern for each suc- 
cessive stimulus and the "spontaneous strays" which sometimes occur can be 
immediately identified In the meantime, electrodes can be moved about 
usually with assurance that the actual pattern of activity is neither movmg 
to other loci or sigmficantly changmg m any other charactenstic 

Regional responses 

In the case of both photic and electrical stimuh the cortical responses of 
greatest amphtude are found m the mid-dorsal region of the lateral gyrus 
This mcludes a region where the characteristic stnate architecture is well 
developed and a region where cell stams show a high population density of 
the large cells of layers II and III The gyrus compositus or post-lateral 
gyrus rarely produces surface positive waves of an amphtude comparable 
with those recorded from the imd-dorsal region of the lateral gyrus This 
gyrus appears to have fewer large cells in layers II and III and the strata 
appear to be thicker Further, factors bearmg on this pecuhanty of the 
difference m response amphtudes will be discussed by one of the authors m 
a paper deahng with the problem of locahzation (see also 22, 23) 

On the lateral gyrus the anterior limits of the electrical response, and 
also of the gemculate projection as mdicated by retrograde degeneration, 
suggest that gemculate projection extends over a greater area than mdicated 
by the classical structural defimtion of the area stnata Admittedly the 
electrical reactions near the margm may represent mtra-cortical transmis- 
sion, but we do not beheve they are physical artifacts Retrograde cell de- 



CORTICAL RESPONSE TO STIMULATION 


13 


generation is subject to error when apphed to this sort of problem because 
of the possibihty of incidental injury or thrombus postenor to the region 
excised The sections show no evidence of this, however, and the degenerated 
region m the lateral gemculate occurs where it should, accordmg to the plan 
suggested by Mmkowski (17), on the rostral and ventro-mediaUy directed 
tip of the lateral gemculate It cannot be stated that the defimtely extxa- 
stnate response of the cat is not relayed through the gemculate The ac- 
curate gemculo-stnate relation must be examined more carefully O’Leary 
and Bishop also found a somewhat similar situation m the rabbit (19) but 
concluded that the "parastnate” area there was really stnate Our area of 
potentials resembhng primary projection reactions is somewhat larger than 
that reported by Gerard, Marshall, and Saul (19) but it agrees rather well 
with their data Our area also more closely resembles the area defined by 
Pohak (20) than it does the area defined as stnate by classical anatomical 
defimtion More data on this will be presented m a forthcommg paper (24) 
Part of the reactions on the suprasylvian gyrus have many characteristics 
of primary projection reactions, and part of them are obviously due to pro- 
jection from the stnate area The fact that part of the suprasylvian reactions 
persist immediately after removal of both stnate cortices and section of 
coBicular boimd pathways, mdicates some projection either from the lateral 
gemculate or from possible nuclei near the gemculate The failure of the 
suprasylvian reaction after retrograde degeneration of the gemculate, sug- 
gests that the gemculate is mvolved m some way which is not yet clear, 
possibly bifurcation of path, or that some other retrograde degeneration 
process has directly affected the suprasylvian or some relay nuclei mvolved 
This reaction is similar to the response produced m the medial ecto- 
sylvian surface by an auditory chck stimulus The areas m which the visual 
and auditory responses are obtamed do, m fact, overlap in the medial and 
dorsal part of the ectosylvian gyrus, an area considered to be m the primary 
projection area of the auditory systems (1), but we have never observed 
maximum potentials from each at the same pomt m the ectosylvian, nor 
auditory responses of this type in the suprasylvian Interaction between the 
auditory and visual responses has been tested m cases in which they clearly 
overlapped and, also, m separate loci on the ectosylvian, and none have been 
found Neither stunulus conditions the response to the other m these prepa- 
rations Apparently the neurones are separate even in areas m which both 
responses are recorded from the same electrode This means that the overlap 
18 only apparent and not physiologically real, for, at least, the positive re- 
sponses This conclusion is suspicious and demands further mquiry 

Summary 

1 A bnef photic stimulus evokes, under several types and stages of 
anesthesia, one or more (multiple) cortical responses A single electrical 
stimulus applied to the optic nerve does not e\ oke a multiple response of the 
type %%hich follows photic stimulus 
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2 The responses are usually predominantly surface positive, positive 
phase first In hght anesthesia negative components are prominent 

3 Apphcation of 0 1 per cent picrotoxin to the pia enhances the positive 
component about 25 per cent and either imtiates a large negative component 
or greatly enhances one already present The positive and negative com- 
ponents are obviously due to separate neural processes The positive 
component is associated with ascending cortical processes The negative 
component is associated with descending neural processes With picrotoxm 
it can be demonstrated that the negative wave is associated with activation 
of association areas and tectal regions Apphcation of nembutal to the same 
pial surfaces abolishes the negative wave and the projected reaction 

4 The separateness of the positive and negative processes can also be 
shown by cross conditiorung of the cortical mechanisms, wherein a photic 
stimulus apphed to one eye is succeeded by an electric shock apphed to the 
opposite optic nerve The positive components evoked by the latter reaction 
are subnormal, but the negative component may be greatly facihtated 

5 Facihtation of the negative-wave-producmg mechamsms may bmld 
up over a penod of several hundred msec This is strikingly shown by the 
multiple response, with or without picrotoxm The third or fourth com- 
ponent of a positive multiple response may be followed by a defimte negative 
wave If the excitabihty of the negative wave mechanisms is raised by picro- 
toxin, or by decreasmg anesthesia, the negative wave moves by steps to the 
first primary response 

6 Electncal shocks apphed to the optic nerve evoke in the cortex 
three positive spikes of axon dimensions These are followed by a slow posi- 
tive wave, which in turn is typically followed by a negative wave The am- 
phtude of the negative wave is subject to the factors discussed above 

7 The first two spikes m the cortical record are very resistant to depres- 
sion by chemicals or subnormahty due to repeated activation at frequencies 
above 10 per sec 

8 Both photic excitation of the retma and electncal excitation of the 
optic nerve evoke primary responses over both stnate and extra-stnate (or 
penstnate) regions 

9 The extra-stnate reactions m the suprasylvian are of two types One 
type IS obviously due to activation of association pathways from the stnate 
The other exhibits charactenstics of the primary projection reactions and 
appears to be relayed from the lateral gemculate or nuclei close to the latter 

10 It IS possible to assign to particular cortical layers the components 
of the response to electncal stimulation of the optic nerve 

11 The predommant negativity of the photic cortical response in some 
cats cannot yet be adequately explamed 
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pins were cut off below the skin and, if necessary, a single suture was used to close each 
wound Figure 1 shows a roentgenogram of a limb with the pms in place The early opera- 
tions were performed with the aid of x-rays and a fluoroscopic screen but this was later 
deemed unnecessary The hmbs were exaimned frequently and if fixation was incomplete 
this was remedied at once by inserting a new pm Operating instruments and the pms 
were kept in alcohol prior to use and although no other antiseptic precautions were taken 
very few infections were encountered 

Pmrung of the joints mvolved by the muscle being mvestigated was found to be a most 
satisfactory method of immobilization and was employed m most of our experiments Chn- 



Fig 1 Roentgenogram of fixed hmb with pins in place 

ical hterature contains many suggestions that joint damage produces trophic effects on 
muscle not attributable to simple disuse Contrary to this behef, however, a small senes of 
tuumals with cast immobihzation showed atrophy which was quantitatively similar to that 
produced by pinning 

In every experiment a large group of animals was employed and representatives taken 
at random for testing as required As a rule the muscles were tested for fibrillation by the 
electncal method (14) and their acetylchohne sensitivity evaluated subsequently (10) This 
latter was accomplished by mjectmg 0 6 cc of aqueous acetylchohne bromide solution mto 
the exposed abdominal aorta or mto each ihac artery, usmg a No 32 needle and a tubercuhn 
syrmge The concentration of the solution was mcreased with each injection until the sensi- 
tivity of hoth normal and fixed muscles v/aa determmed The dilutions used are mdicated 
on Fig 3 The so-called full-strength solution contamed 10 0 mg of acetylchohne bromide 
per cc The volume of each mjection and the rate of mjection were kept constant Reaction 
of the muscles was recorded simultaneously on a smoked drum by means of isometnc 
levers connected to the Achilles tendons which had been cut free from the foot 
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Muscular inactivity resulting from destruction of the motor nerve is ac- 
compamed by a number of well known but httle understood phenomena 
Of these atrophy, fibrillation and hypersensitivity to acetylchohne and po- 
tassium are the most outstanding Cuttmg the spmal cord also results in 
cessation of voluntary muscular contraction Muscles thus affected show no 
fibrillation but do exhibit an atrophy which is, in the rmtial stages, as marked 
as that due to section of the motor nerve (16) H 3 rpersensitivity to acetyl- 
chohne IS also present but is less pronounced than m the case of the fibnUat- 
ing "denervated” muscles 

Both upper and lower motor neurone lesions result m a marked decrease 
m the activities of the muscles mvolved A precise evaluation of the effect 
of immobilization alone on muscles with completely mtact motor and sensory 
nerve pathways is attempted m the present experiments 

The disuse atrophy of skeletal muscle has long been recognized chm- 
cally In 1776 John Hunter (6) mentioned and m 1854 James Paget (11) 
descnbed such atrophy assoaated with pathological conditions of the jomts 

Experimental disuse atrophy has been brought about by tenotomy (13, 
9, 8, 2, 18) and by cast fixation (5, 7, 8, 17, 1) The former method is accom- 
pamed by a bizarre contracture (2, 18) and the latter may be complicated 
by the pressure of the cast on the muscles and blood vessels and the "weight- 
beanng” which is possible, to some degree, m most casts (17) The so-c^ed 
disuse atrophy produced by isolation of the section of the spmal cord supply- 
mg nerve fibres to a muscle (18, 4, 12) may be comphcated by other factors 
as a result of severance of nerve pathways to the muscle 

The object of the present experiments was to test the effect of a method 
of immobilization which would not be open to these criticisms and to foUow 
the course of any resultmg disuse atrophy in an experimental animal m 
which the tune-course of atrophy due to other causes had been mvestigated 


METHOD 

Rata weighing from 175-250 g were used Light ether anesthesia was employed dur- 
ing all operative and experimental procedures The knee and ankle joints of the limb on 
one side (different sides in alternate animals) were fixed wath steel pins The object of the 
fixation was to preient skeletal moiement due to contraction of the gastrocnermus-soleus 
group of muscles and to maintain the bones in such a position that these muscles would 
not bo stretched In fixing the ankle joint the foot was placed at right angles to the lower 
leg and a pm was forced up through the bones of the foot into the tibia or the periosteum 
and connects e tissue on the nntenor aspect of this bone The knee was fixed wath the 
Ubia at right angles to the femur bj a pm forced through the knee joint mto the tibia The 

• Aided by a grant from the National Foundation for Infantile Paralisis, Inc 
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ment (a few animals, not shown m Fig 1, were earned on up to 41 days) 
in every case in which the fixation remained adequate 

No fibrillation was observed at any tune m the muscles involved by the 
skeletal fixation These muscles, as shown m Pig 3, demonstrated a marked 
mcrease m sensitivity to intra-artenally injected acetylchohne as compared 
with either the muscle on the normal side or with muscles m completely 



Fig 3 Strength of acetylchohne required to ehcit a response from the 
gastrocnemius-Boleus group of muscles in fixed (upper diagram) and normal 
(lower diagram) limbs The "full-strength” solution, mdicated as 1 0, is such that 
6 0 mg of acetylchohne bromide are injected m the 0 6 cc dose given The other 
strengths contmn proportional amounts as indicated rmd are administered m the 
same volume Each ammal sacrificed contributes one point to each diagram 


normal nnimnlR The muscles involved by skeletal fixation did not show as 
marked an mcrease m acetylchohne sensitivity as do muscles deprived of 
their lower motor neurone (16) The increase m sensitivity reached a maxi- 
mum about 10 days after the operation and thereafter the sensitivity tended 
to return towards normal although the atrophy was mamtamed 

Discussion and Conclusions 

The outstandmg features associated with denervated muscle are the 
fibrillary activity, the atrophy, and the hypersensitivity to mtra-artenally 


/ * 
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In most expenmente the motor nerves to the muscles were cut just before the test for 
acetylcholme sensitivity was made Control experiments indicated that this procedure pro- 
duced no immediate change in sensitivity The e limin ation of reflex activity permitted a 
cleaner record being made Before cutting the nerve neuromuscular continuity was tested 
by pinching the nerve or by electrical excitation of the nerve 

At autopsy the site of the pm at the knee was examined Injuiy to large nerves or 
blood-vessels was never found Finally, the gastrocnemius-soleus muscle groups firom each 
side were carefully dissected out, blotted to remove any superficial moisture, and weighed 
immediately 

Results 

Figure 2 indicates the degree of weight loss in the muscles affected by skele- 
tal fixation The weight of the "fixed” muscle (F) was divided by the weight 



Fig 2 Change in weight of gastrocnermus-soleus muscle group 
following limb fixation Atrophy is represented by the decimal fraction 
of the ratio FT where F is the fresh wet weight of the muscles on the 
fixed side and I that of the correspondmg muscles on the normal side 
The figure adjacent to each pomt indicates the number of ammals con- 
tributing to the average represented by the pomt 


of the muscle on the normal side (I) and this quantity was plotted against 
the time in days after the operation 

The atrophy w'as very marked during the first 10 days and was about as 
great as that seen at the same time in muscles with the motor nerves cut 
(15) or m those depnved of upper motor neurone control (16) After the 10th 
to 14th day the atrophy no longer progressed but no significant reduction m 
atrophy was regularly observed \\Tienever an animal was autopsied and 
showed a muscle weight indicating that regression of atrophy had occurred 
the joint-fixing pins were found to have become loose thus permittmg some 
movement The gastrocnemius muscles atrophied to from 50 to 60 per cent 
of the weight of the muscles on the control side in from 10 to 14 days They 
then remained at or near this reduced weight for the duration of the expen- 
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ivis-soleus group of muscles The atrophy was imtiaUy as marked, but did 
not progress as far, as that seen m muscles paralyzed by the loss of their 
motor nerve supply The atrophy produced was sustamed for the duration 
of the experiment in aU animals in which the fixation was maintained 

We should hke to thank Professor C H Best for the kindly and helpful interest which 
he has shown in this work 
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injected acetylcholine and potassium Fibrillation has never been observed 
by us m any immobilized muscle with an mtact motor nerve On the other 
hand, both atrophy and increased sensitivity to acetylchohne are seen m 
muscles with normal activity prevented by skeletal fixation or by section of 
the spmal cord (15, 16) It has been suggested by Denny-Brown and Penny- 
backer (3) that fibrillation is due to the hypersensitivity to acetylchohne 
and other experiments (10) have mdicated that potassium may have a 
causative role The fact that fibrillation is not seen m animals with the spmal 
cord cut or with the hmb bones fixed may be due to the fact that the acetyl- 
chohne hypersensitivity mduced by these procedures is never as great as 
that seen m denervated muscles 

Cuttmg the motor nerve to a muscle prevents aU activity of the muscle 
except fibrillation Fixmg the parts of the skeleton which are normally 
moved by the muscle merely makes muscular contraction futile Observa- 
tions on the senes of animals thus treated leads us to heheve that the animal 
qmckly adapts to the altered skeletal mechamcs and ceases to employ the 
muscles rendered useless These muscles may be contracted occasionally 
but, after the 2nd postoperative day, they are usually flaccid and apparently 
toneless Cordotomy (16) prevented voluntary contraction of the muscles of 
the hmd hmbs These muscles appeared to be relaxed and showed httle 
tone most of the time They were, however, capable of violent reflex contrac- 
tion when properly stimulated 

All three tjqies of experiment yield muscles which atrophy and show 
hypersensitivity to acetylchohne Both these features are most marked and 
most permanent when the motor nerve is cut Functionally one feature com- 
mon to the three types of atrophic muscles is that they are not subjected to 
a normal amount of tension-producmg activity FibnIlation mvolves httle 
mcrease m muscle tension Lack of tension-producmg activity may produce 
or contribute to the atrophy Thompson (17) has shown that the marked 
atrophy obtamed by sphntmg a rabbit’s hmb m a cast may be very largely 
prevented if the cast is so apphed as to permit "weight-bearmg ” This ob- 
servation may account for failure by others (8) to produce marked atrophy 
by simple immobdization Fixation by pinmng permits weight-bearmg 
through the bones alone and prevents the muscles under consideration play- 
ing any part in such activity 

It IS not clear what the connection is between the lack of tension-produc- 
ing activity, the atrophy and the acetylchohne sensitivity It is, however, 
an interesting and possibly an important observation that immobihzmg a 
limb produces the same kind of changes in the muscles involved as does de- 
nervation of these muscles This findmg suggests that the methods of treat- 
ing paralyzed muscles which involve immobihzation should be re-exammed 
and possibly modified 

Summary 

Skeletal fixation in rats was found to produce atrophy and hypersensi- 
tiMty to intra-artenally injected acetylchohne in the involved gasteocnem- 
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changes are manifest It has, however, been shown that, despite this dechne of pressure, 
there is no general cardiovascular collapse until mtraventncular block or cardiac arrest 
appear in the electrocardiogram It has therefore been assumed that cerebral anoxemia 
due to circulatoiy failure did not occur with calcium and potassium injections until signs 
of serious derangement appeared in the electrocardiogram It is quite possible that, with 
magnesium, some failure of cerebral circulation due to declmmg blood pressure may have 
preceded important electroctirdiographic changes 

Results 

(i) Potassium chloride No changes m the cortical electrogram could be 
demonstrated until mtraventncular block or cardiac arrest had appeared 



Fig 1 The heavy dots indicate points from which 
records were obtamed in various experiments 


After these cardiac changes were manifest, certam changes m the cortical 
electrogram did appear These consisted of the development of large slow 
waves, sometimes preceded by temporary mcrease in the number of fast 
waves The fast waves eventually disappeared, leavmg only random slow 
waves, which persisted for some minutes after complete cardiac arrest 

(u) Calcium chloride Usually httle or no change could be detected as 
long as cardiac action remained fairly normal, although m one experiment 
there was a httle slowmg After disruption or cessation of cardiac action the 
higher frequencies disappeared from the cortical electrogram, and the am- 
phtude and frequency decreased progressively until only slow random base- 
hne swmgs were demonstrable 

(m) Magnesium sulfate Anoxenua due to respiratory failure was pre- 
vented by artificial respiration In spite of this, the cortical electrogram was 
modified before any considerable change m the electrocardiogram was 
demonstrable (Fig 2) There was a marked mitial slowmg (Fig 2, 20 sec ), 
followed by restoration of the mitial frequency (Fig 2, 60 sec ) Later, with 
the development of aunculo-ventncular and of mtraventncular heart block 
(Fig 2, 120 sec ), slowmg of the cortical electrogram reappeared together 
with a disappearance of the rapid waves 
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Altekations m concentration of potassium and calcium in the blood stream 
may on occasion influence bram potentials (3) Smce these ions affect both 
cardiac activity and blood pressure (7, 8, 13, 16), it is possible that some 
of the effects on the bram potentials which have been previously described 
are secondary to cardiovascular changes In the present study an attempt is 
made to distmguish between those effects of potassium, calcium and mag- 
nesium ions on the cortical electrogram which are independent of cardio- 
vascular disturbances and those which are regularly associated with them 

MATERIAL AND METHODS 

Sixteen cats under bght nembutal anesthesia (35 mg per kg body weight, intra- 
pentoneally) were used m these experiments The left hemisphere was exposed and brain 
potentials recorded simultaneously from two or three areas, usmg lead solder electrodes 3 
mm in diameter A reference electrode was attached to the left ear The areas of the brain 
on which the electrodes were placed in the various experiments are indicated by the heai-y 
dots of Fig 1 Although the simultaneous patterns from different areas of the brain were 
quite independent of one another, effects were not restncted to any one area of the brain 
Simultaneous electrocardiograms were recorded from lead II Grass amplifiers and mk 
writing undulators were employed to record the cortical electrograms and the electro- 
cardiogram 

An isotomc solution of calcium chloride, potassium chloride, or magnesium sulfate 
was injected continuously into the nght femoral vein Five cats received injections of 
potassium chlonde, five received calcium chloride and six were given magnesium sulfate 
In two instances a control injection of isotonic sahne was given pnor to the mam mfusion 
The rates of injection of each salt, usually about 15 cc per minute, was sufiBciently rapid 
to induce the characteristic sequence of electrocardiographic changes known to be asso- 
ciated with a progressive increase in concentration of the ions in serum (7, 13, 16) Injec- 
tions were continued until death from cardiac arrest Artificial respiration was earned on 
throughout the expenments in which magnesium was injected In previous experiments it 
has been found that, when potassium is given, the mean artenal blood pressure does not 
change significantly until the onset of marked intrav entncular block or cardiac arrest (8) 
Blood pressure is unaffected by calcium injection until the moment of arrest or of ven- 
tnculnr fibnllation Magnesium, on the other hand, produces a progressive dechne m blood 
pressure beginning soon after the injection is be^n, before any electrocardiographic 

' A preliminary report was presented before the Amencan Physiological Society, at 
the Boston meeting, March 31-Apnl 4, 1942 Fed Proc Amer Soc exp Biol , 1942, 1 76 
1 ^'ded by grants from the Fluid Research Fund, Yale Univ ersity School of Medicine, 
j , Sachs Plotx Fund and the Committee on Therapeutic Research of the Amencan 
Medical Association 

l>er Fellow in Phy siology , Yale University School of Medicine, May-Septem- 



26 M A RUBIN, H E HOFF, A W WINKLER, P K SMITH 

activities of the two brain regions represented by the two records are quite 
dissimilar Both destruction of the brain tissue directly beneath the elec- 
trodes and apphcation of water to the surface of the brain altered the pattern 
of the corticd electrogram mdicatmg that the potential changes are not 
artifacts Other control experiments demonstrated that they did not depend 
on the character of the electrodes or of the amphfiers themselves Durmg 



Fig 3 Cortical electrograms prior to infusion of potassium chloride solution (top 
records) and at intervals after cardiac arrest and respiratory arrest The height of I cor- 
responds to 60 sV 

this period of post-mortem electrical activity, pmchmg the foot, movmg 
the paw, or pricking the footpad of the cat failed to evoke any response m 
the cortical electrogram 

Discussion 

Potassium and calcium, under the conditions of these expenments, 
exerted no distmct effect on the cortical electrogram until development of 
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S 3 mclirony between electrocardiogram and cortical electrogram appeared 
in the experiment illustrated m Fig 2 It developed first at 90 sec m one 
bram area and at 110 m the other By 150 seconds it had disappeared from 
the first region This phenomenon has been described previously by Gerard, 
MarshaU and Saul, who suggest that it may be due to local pulsations m the 
cerebral vessels (5) 

(iv) Sodium chloride In two experiments 30 cc of isotomc sahne were 
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Fig 2 Cortical electrograms and electrocardiogram at various times during the con- 
tinuous intravenous injection of magnesium sulfate in the cat The height of I corresponds 
to 60 ^V 


injected prior to infusion with magnesium sulfate The rate of mjection was 
the same as that in the other experiments Neither the cortical electrogram 
nor the electrocardiogram was influenced by this procedure 

(v) Post-mortem potential changes In these experiments potential changes 
in the brain continued for at least 15 mmutes after complete respiratory and 
cardiac arrest, irrespective of the particular ion responsible This persistence 
of electneal activity is showm in Fig 3 In this experiment potassium had 
been injected until cardiac arrest had occurred It can be seen that the ran- 
dom, slow potential changes 6 minutes after cardiac arrest are mdistinguish- 
nble from those being recorded at the time of cardiac arrest The electneal 
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the cat were followed continuously during the intravenous injection of salts 
of potassium, calcium and magnesium 

2 Potassium and calcium produced no changes in the cortical electro- 
gram until the development of intraventricular block or of cardiac arrest 
Subsequently slowing of the cortical electrogram developed 

3 Magnesium produced transient periods of slowing before pathological 
changes appeared in the electrocardiogram A secondary slowmg of fre- 
quency, much like that followmg cardiac arrest due to potassium or calcium, 
appeared after the development of mtraventncular block 

4 Brain potentials persisted for at least fifteen mmutes after complete 
respiratory and cardiac failure 

5 In concentrations tolerated by the intact cat, potassium and calcium 
are without demonstrable effect on the cortical electrogram while mag- 
nesium does have some effects 
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terminal cardiac failure The anoxemia resultmg from the failmg circulation 
may well account m a large measure for the cortical electrographic changes 
observed durmg the mjection of these ions The effects of magnesium are 
more difficult to mterpret The early, transient changes in the cortical elec- 
trogram appear with amounts of magnesium well withm the hrmts of cardiac 
tolerance, but nevertheless sufficient to depress the blood pressure These 
early effects might therefore be due either to a direct effect of magnesium 
on the brain potentials, or they might be secondary to the fall m blood pres- 
sure The fact that magnesium, m concentrations withm physiological 
limits, may directly affect the central nervous system sufficiently to produce 
surgical anesthesia, is consistent with a direct effect upon bram potentials, 
but from our experiments there is no way of decidmg which explanation is 
the correct one The secondary slowmg of the cortical electrogram associated 
with electrocardiographic changes is comparable to the termmal effects ob- 
served with potassium and with calcium 

Durmg the course of this study the coronal, the anterior and postenor 
sigmoid, the middle suprasylvian and the middle and posterior ectosylvian 
gyn were explored The electrical activity from these different regions ex- 
hibited a high degree of mdependence (see Fig 2) Relative independence 
of various bram areas under different experimental conditions has previously 
been described (11, 14) 

Anoxia alone, produced m a variety of ways, causes complete disappear- 
ance of bram potentials m the cat withm one mmute (1, 2, 5, 9, 12, 14, 15) 
The persistence of electrical activity m the central nervous system for some 
mmutes after cardiac arrest was therefore rather unexpected The reasons 
for this unusual persistence of bram potentials are still obscure 

Our observation that potassium has httle demonstrable effect on brain 
potentials before its cardiac effects are manifest seems mconsistent with a 
statement by Emmens and Marks that potassium chloride, mjected intra- 
venously or mtrapentoneaUy m mice, lolls by an action on the central 
nervous system (4) They base this conclusion on the statement that death 
in then- experiments occurs with convulsions and evident respiratory distress 
while the heart contmues to beat We have repeated them experiments, m 
addition obtammg continuous electrocardiographic records untd death In 
our experiments a penod of cardiac arrest or of marked mtraventncular 
block regularly preceded the convulsions and respiratory distress Electro- 
cardiographic complexes, presumably correspondmg to mechamcal ventncu- 
lar beats, were occasionally observed after respiratory failure These should 
not, however, be considered evidence of an adequate cuculation Smce the 
cardiac changes were sufficiently severe of themselves to be responsible for 
death, it seems unnecessary to postulate an additional effect upon the cen- 
tral nervous system We are thus unable to confirm their conclusion that 
the heart is not the pnmary cause of death 

Summary akd Conclusions 

1 The cortical electrogram and the simultaneous electrocardiogram of 
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Fig 1 A-D Levels through the anterior portion of the nudbrain showing the widest 
extent of the lesions in Cats 1—4, respectively Abbreviations for all figures are as follows 


A aqueduct 

NIII third nerve 

BP basis peduncuh 

NVI sixth nerve 

BrP brachium pontis 

NVIII eighth nerve 

CG central grey 

P pyramid 

HP habenulopeduncular tract 

PC posterior commissure 

IC inferior colhculus 

PO pons 

IQB inferior quadrigeminal brachium 

Pul pulvinar 

LF medial longitudinal fasciculus 

RN red nucleus 

LG lateral gemculate body 

SC superior colliculus 

MG medial gemculate body 

SO superior ohve 

ML medial lemmscus 

SN substantia mgra 

MP mammillary peduncle 

Trap trapezoid body 

NMV fifth motor nucleus 



hours in an icebox and exhibited good pdoerection and shivering When its 
body temperature was raised in a hotbox to 102 6°, the animal panted at a 
respiratory rate of 240 per mm and showed pronoimced sweatmg on all 
footpads 

In cat 2, a lesion destroyed the ventral part of the central grey and the 
medial region between it and the base of the bram (Fig IB) Durmg a 3 
hour period m an icebox, 3 weeks postoperatively, this animal defended it- 
self normally against cold, exhibiting marked pdoerection and some shiver- 
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The hypothalamic regulation of body temperature (4) is effected by bttle 
knovra pathways which descend through the bram stem and spmal cord to 
innervate the somatic and autonomic effectors concerned in this activity 
Some information on the bram stem distribution of these pathways has been 
provided by Keller (2) and Blair and Keller (1), who have studied the tem- 
perature regulation of cats and dogs with chrome section of parts of the mid- 
bram and pons They have found that heat mamtenance activity can be 
entirely ehmmated by transverse section of the medial quarter segments of 
the cephahe midbram, while at the pontile level heat-loss activity is ehm- 
mated by sections mvolvmg only the lateral portions of the bram stem 

The present report is concerned with a further study of thermoregulatory 
pathways m the bram stem of the cat after more restricted lesions made with 
the Horsley-Clarke technique 

METHOD 

Using the Horsley-Clarke technique (3) electrol 3 rt:c lesions were produced m a senes 
of cats, and 2 to 5 weeks after operation, the animal’s temperature regulation was examined 
during a 3-hour penod m an icebox at 34°, and m a hotboi at 120°, and compared with the 
results of preoperative tests All temperatures are in degrees Fahrenheit, and all animal 
temperatures were taken rectally At autop^ the position and extent of the lesion were 
lenfied microscopically 


Lesions of the Anterior Midbrain 


At the level of the antenor part of the midbram, lesions m different am- 
mals destroyed the tectum and parts of the central and tegmental regions 
Tectal region Aspiration of the tectum of the supenor colhculus, except 
for its most lateral portions, produced no impairment m temperature regula- 
tion A tectumectomized cat, tested 2 weeks after operation, elevated its 
body temperature shghtly dunng a 3 hour penod m an icebox, and showed 
typical pdoerection and shivering When its body temperature was raised 
in a hotbox to 103 9° (preoperative threshold, 104 1°), it panted with a res- 
piratory rate of 250 per mm , showed good sweatmg on all footpads, and 
exhibited evident dilatation of the ear vessels 


Central region In cat 1, the lesion shown m Fig lA mterrupted the cen- 
tral grey matter and the penventncular paths contamed withm it, yet the 
animal preserved perfectly normal regulation against heat and cold Four 
week^fter operation it kept its temperature at a normal level dunng 3 


• The nuthors iwh to cxprc<vs their apprecintion to H W Mngoun for aid in prepanne 
the rnnnusmpt and to Marj Ranson for preparing the figures for publication 
1 Medical hollow of the National Research Council 
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Another animal, in which smaller lateral lesions destroyed the periphery 
of the bram stem with irregular softemng extending into the tegmentum, ex- 
hibited a normal defense against cold Three weeks postoperatively, the 
body temperature remamed at 102 4° dimng 3 hours in an icebox, and good 




Fig 2 A-D Levels through the caudal midbrain showing the widest extent 
of the lesions m Cats 5-8, respectively 


piloerection and some shivermg occurred Elevatmg this animal’s tempera- 
ture to 107° m a hotbox resulted m shght sweatmg and a pol 37 mea of 180 
per mm with poor pantmg movements 

Medial region Cat 6 with destruction of the entire medial part of the 
caudal midbram (Fig 2B), when tested 2 weeks postoperatively, exhibited 
a shght fall m body temperature to 99° durmg a 3 hour period m an icebox, 
but shivered violently and showed moderate piloerection in this situation 
When its body temperature was elevated to 107° m a hotbox it sweated pro- 
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mg In the hot hox it sweated a httle and panted between rectal tempera- 
tures of 104° and 106° (preoperative threshold, 104 4°) Panting was irregu- 
lar and spasmodic, however, and the respiratory rate did not mcrease above 
180, whereas the animal’s preoperative pantmg rate was 240 per mm 

Tegmental region Cat 3 with the bilateral lesions of the ventral teg- 
mentum, substantia mgra and basis peduncuh shown m Fig 1C, when tested 
3 weeks postoperatively, mamtamed its body temperature during a 3 hour 
penod m an icebox and exhibited good pdoerection and shght shivenng In 
a hotbox it showed pronounced sweatmg on the footpads and panted, but 
at a higher threshold and with a slower respiratory rate than m the preop- 
erative test 

Cat 4 with bilateral destruction of more dorsal parts of the tegmentum 
(Fig ID) raised its body temperature a httle durmg a 3 hour period m an 
icebox and showed defimte pdoerection and shght shivermg When the am- 
mal’s temperature was elevated to 106° m a hotbox, its respiratory rate m- 
creased to 100 per rmn but no pantmg occurred There was no sweat on any 
pad, and the animal felt cool as though no vasodilatation had occurred Two 
other cats with large lesions placed more laterally m the tegmental region 
exhibited normal temperature regulation, except for an elevated threshold 
to pantmg in one 

The results at the level of the anterior midbram mdicate either that the 
correct distribution of lesions for destroymg the heat-conservation pathways 
was not attamed, or that these pathways are so widely distributed at this 
level as to be only partially affected by lesions of the size produced, for no 
evident impairment m heat conservation could be detected m any of the 
cases An impairment m heat-loss activity, mdicated by an elevated thresh- 
old for initiation and by a reduction m the total response, was greatest after 
the tegmental lesions m cat 4 In this case, some polypnea occurred but 
neither pantmg movements nor sweatmg were evoked on raismg the body 
temperature to 106° A similar tegmental distnbution of heat-loss pathways 
was found at more caudal levels 

Lesions of the Caudal Midbbain 

More pronounced impairment in temperature regulation followed lesions 
m the caudal midbram 

Lateral region Cat 5 with the large lateral lesions shown m Fig 2A, 
though its temperature was normal m a warmer environment, ran subnor- 
mal temperatures of 96-97° when the room temperature vas 71-72°, and on 
these occasions no pdoerection could be observed but periods of shivermg 
were noted Durmg 3 hours m an icebox, 3 weeks postoperatively, its tem- 
perature fell to 95° and though shivermg was definite no clearcut pdoerection 
could be observed An even more pronounced deficit m heat-loss function 
was found When the animal’s temperature was elevated to 107° in a hot- 
box, the respiratory rate remained at 36 per mm , and there uas no pantine 
or sweating ^ ® 
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Lesions at the Pontile Level 

The lesion in cat 9 interrupted all periventricular connections passing 
backward from the caudal end of the cerebral aqueduct, and e^nded 
asymmetrically mto the deeper parts of the neuraxis (Fig 3A) Four weeks 
after operation, the animal showed only a shght drop m body temperature 
from 101 4° to 100 6° durmg a 3 hour period m an icebox, and exhibited very 
good pdoerection and fair shivenng When its temperature was elevated m 



Fig 3 a, B Obbque sections at the pontile level showing the widest extent 
of the lesions in Cats 9 and 10 


a hotbox to 105 6°, it showed a polypnea of 174 per mm with a few pantmg 
movements when the mouth was opened, but no sweatmg occurred 

Cat 10 with lesions of the dorsolateral tegmentum shown in Fig 3B, ex- 
hibited a shght faU m body temperature from 101 4° to 100 5° when tested 
for 3 hours m an icebox, 5 weeks postoperatively Good pdoerection occurred 
but there was no discernible shivermg, though the animal shivered well in 
its preoperative test When heated to 106° in a hotbox, the animal’s respira- 
tory rate increased to 96 per mm , and shght sweatmg was seen on the nght 
forepad, but no pantmg occurred 

At this as at more anterior levels, the impairment m heat-loss function 
appears the result of mterruptmg pathways concentrated m the mtermediate 
or lateral part of the dorsal tegmentum Interruption of penventncular 
connections m cat 9, did not impair heat-conservation activity sufficiently 
to cause any sigmficant abnormahty m the animal’s regulation agamst cold 
The dissociation m heat-conservation function encountered after the lateral 
lesions m cat 10, m which shivermg was abolished while piloerection re- 
mamed ehcitible, suggests that the different heat-conservation activities, 
hke the different heat-loss activities, are effected by distmct anatomical 
connections rather than by collaterals from a smgle pathway 

The presence of pdoerection m response to cold, and also m response to 
the presence of dogs, m cat 9 and 10 must mean that the tegmental mjury 
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sely on the footpads, but did not pant and the respiratory rate increased 
ily from 42 to 66 per mm The next 2 cases mdicate that the tegmental 
ther than the central extent of the mjury m this animal was responsible 
r the heat-loss deficit 

Tegmental region Cat 7 with bilateral tegmental lesions, sparmg the cen- 
al grey matter and the paramedian region below it (Fig 2C), was tested 
weeks postoperatively Durmg 3 hours m an icebox it showed a shght 
ill m body temperature from 101 8° to 100 8° It shivered well but pilo- 
•ection was only shght When its temperature was elevated to 107° m a 
otbox, the respiratory rate remamed at 40 per m m and no pantmg or 
veatmg occurred 

In cat 8, a smaller tegmental lesion (Fig 2D) produced just as severe an 
npairment m heat-loss fimction Three weeks postoperatively, when its body 
“mperature was elevated to 107° m a hotbox, the respiratory rate was 42 
er rmn and there was no pantmg or sweatmg Durmg a 3 hour period m an 
:^box, its temperature fell from 102 8° to 100 3°, then rose and remamed 
1 101° It shivered markedly and showed mtense piloerection Smaller and 
hghtly more medially placed lesions of the dorsal tegmentum m another 
inimal were followed by normal temperature regulation except for a shght 
slevation m the threshold for pantmg 

The impairment of heat-loss function encoimtered after lesions of the 
:audal midbram appears to be the result of mterruptmg tegmental path- 
vays, for it was just as extreme followmg lesions confined to the tegmentum 
is m cases with mjury to adjacent parts The heat-loss pathways concerned 
ippear to be more numerous m the mtermediate tegmental region than m the 
paramedian part, for mtermediately placed lesions (cat 7 and 8), sparmg the 
paramedian region, caused even greater impairment than did more medial 
lesions which mcluded it (cat 6) The two components of heat-loss activity, 
facio-respiratory alteration and sweatmg, would appear to be activated by 
distmct structural connections, rather than by collaterals from a smgle path- 
way, for the lesion m cat 6 dissociated the two, an elevation of body tempera- 
ture m this animal resulted in profuse sweatmg but only questionable polyp- 
nea and no pantmg 

Similarly, heat-loss and heat-conservation activities may be dissociated 
by lesions at this level, as has previously been shown by Keller (2) Heat 
conservation was most markedly impaired after the laterally placed lesions 
m cat 5, suggesting a concentration of connections for this activity m the 
lateral part but not in the periphery of the caudal midbram This animal was 
still able to shiver, however, and mamtamed its body temperature nearer the 
normal level than do animals in which the heat-conservation mechanism is 
entirely destroyed at the h^qiothalamic level It is clear, therefore, that the 
heat-conservation pathway is not confined to the lateral region, though seem- 
ingly better represented there than in the central region, the extensive de- 
struction of \\hich in cat 6 resulted in only a minor irapaument in this func- 
tion 
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in these cases was insufficient to interrupt the pilomotor pathway which 
Walker (5) has located at this level m the dorsolateral tegmentum adjacent 
to the brachium conjunctivum 

Summary 

The bram stem pathways subserving temperature regulation m the cat 
have been mvestigated by examining the animal’s regulation to a hot or 
cold environment, 2 to 5 weeks after producing bilateral lesions at anterior 
and caudal midbram and at pontde levels 

Pathways subservmg heat-loss functions appear to be concentrated m 
the mtermediate and lateral part of the dorsal tegmentum at each of the 
levels studied 

Pathways subservmg heat-conservation activities appear to display some 
concentration m the lateral as opposed to the central portion of the caudal 
midbram and pons 

Followmg appropriately situated lesions, heat-loss activities were m some 
cases abohshed while heat-conservation activities were mamtamed This dis- 
sociation clearly mdicated the existence of dual heat regulatmg mechanisms, 
whose efferent pathways are sufficiently mdependent to be destroyed sep- 
arately 

In the case of both heat loss and heat conservation, the component au- 
tonomic and somatic activities, sweating and facio-respiratory alteration, 
and pdoerection and shivermg, have been observed to be dissociated follow- 
mg appropriate lesions Apparently these different activities are mediated 
by distmct anatomical connections rather than by collaterals from smgle 
pathways 

In general the results present additional evidence for the greater impor- 
tance of descendmg tegmental as compared with descendmg penventncular 
connections m efferent conduction from the hypothalamus 
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tion of pathways for shivering and piloerection in the lateral colnmn, but 
do indicate that they are weU represented elsewhere m the cord 

In each of these 5 monkeys with lateral column lesions at the cervical 
level, sweatmg on exposure to heat was equal on the 2 feet and m one it 
was equal on the 2 hands In the other 4, sweatmg was impaired on the con- 
tralateral palm In one animal this was mdicated only by a delayed appear- 
ance of sweat on the contralateral pahn, m the others sweatmg on the contra- 
lateral pahn was sigmficantly reduced In 2 cases the contralateral palm was 
also less flushed than the ipsilateral These results mdicate a significant but 
not exclusive representation of sweat pathways m the lateral column of the 
cervical cord, those for the arm bemg better represented than those for the 
leg A similar vasodilator representation is also suggested The crossed dis- 
tribution of sweatmg and flushing, analogous to that seen after hemisectmg 
the lower bram stem, mdicates that the decussation in the heat-loss path- 
way 18 a spinal one, that for the arm component bemg situated below C 4 
In each of 3 monkeys, sections mterrupted the lateral column at 
thoracic levels below the preganghomc outflow to the upper extrermties, and 
m 2 of the cases the adjacent portion of the anterior column was also injured 
In the latter ammals, an impairment m pdoerection and shivermg in the 
ipsilateral flank and leg was noted, suggestmg the representation of path- 
ways for responses to cold m the antenor rather than the lateral column of 
the spinal cord In aU 3 cases an impairment m sweatmg on the contralateral 
foot was evident, and m the monkey with greater mjury to the antenor 
column, sweatmg was abohshed on the contralateral foot while profuse on 
the ipsilateral Sweat pathways for the lower extrermty are evidently located 
m both the lateral and anterolateral columns of the thoracic cord and cross 
below the midthoracic level 

SUilMARY 

In the monkey, thermoregulatory pathways for sweatings are located in 
the lateral and anterolateral columns of the spmal cord and exert a completely 
or almost completely crossed mfluence The crossmg is a spmal one, located 
close to the level of preganghomc outflow 

Little evidence was encountered for the presence of pathwaj^ for pilo- 
erection and shivermg m the lateral column of the spmal cord These path- 
ways appear to be situated m the smterior column, and are both crossed and 
uncrossed, the uncrossed component bemg the greater 
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Studies of descending thermoregulatory pathways m man have indicated 
their predommantly ipsilateral distribution m the lateral and anterolateral 
columns of the spinal cord (1, 2, 3, 4) Tests of temperature regulation m each 
of 10 monkeys with lower bram stem or spmal cord lesions indicate a dis- 
tribution of thermoregulatory pathways m the monkey m part like and in 
part different from that m man 

METTHOD 

In 2 animals {Macaca mulatta) the lower bram stem was hemisected at the pontDe 
level In 8 others unilateral lesions of the lateral or anterolateral column of the spmal cord 
were made at the cervical or thoracic level The animals were prepared for other purposes 
but 2 to 6 weeks after operation, they were tested m an icebox at 32'’F or by confimng 
their trunh and lower extremities in a hotbox at In each case the extent of the lesion 

was verified at autopsy by microscopic examination 

Results 

In the 2 cases with hemisection at the pontile level, an unexpected dis- 
sociation was encountered m the distnbutaon of pathways subservmg the 
responses to heat and cold On exposure to heat both monkeys sweated pro- 
fusely on the side of hemisection, while sweatmg on the opposite side of the 
body was barely perceptible m one case and wholly absent m the second 
animal These results mdicate that httle or no crossmg m the descendmg 
sweat pathway occurs above the level of the pons, but between the pons and 
the thoraco-lumbar outflow this pathway imdergoes a complete or almost 
complete decussation 

On exposure to cold, the 2 hemisected monkeys piloerected and shivered 
on both sides of the body In each case, however, piloerection was more 
marked on the mtact side Shivenng was more pronounced on this side m 
one case and appeared equal on the 2 sides in the second animal After the 
animals were removed from the icebox, shivenng and piloerection relaxed 
and disappeared first on the side of hemisection, at a time when they stiU 
remained marked on the intact side These results mdicate that the descend- 
mg pathway for piloerection and shivenng is both crossed and uncrossed, 
the uncrossed component being the greater 

In each of 4 monkeys mth sections of the spmal cord destroying the lat- 
eral funiculus at C 4, except for varying amounts of its most ventral part, 
piloerection and shivenng were present on exposure to cold and equal in 
degree on the 2 sides of the body In a fifth case shivenng was shghtly re- 
duced m the Ipsilateral arm The results do not rule out a minor represents- 
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Each expenment began with a determination of the threshold of aural 
microphomcs for chcks and pure tones as recorded from the round wmdow 
with a large silver-wire electrode Animals shown by this test to be markedly 
less sensitive than normals almost mvanably had suffered section of the 
cochlear blood vessels dunng the operation If the round wmdow responses 
were normal, the cochlear electrode was removed and the microelectrode 
mtroduced mto the auditory nerve with a micromanipulator until large, 
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Fig 1 Responses of single auditory-nerve fibers In this and subsequent records a 
downwsird excursion indicates microelectrode negativity, the white line below a record 
marks duration of acoustic stimulation, and numbers m parenthesis indicate the char- 
acteristic frequency and minimal mtensify for the fiber m question, reference level for 
intensity bemg 2 volts from oscillator A, effect of the words "eighth nerve” upon the re- 
sponse of a fiber specifically sensitive to 2000 c p s B, effect upon response of another fiber 
(17,100, —82 db) of a 17,100 c p s tone at —60 db C, high-speed sweeps of the fiber 
shown m B Upper sweep, no sound on, lower two sweeps, response to 17,100 c p s , —60 
db The tune hne is an oscillogram of a 1000 c p s tone D, another fiber (7000 c p s , —90 
db) respondmg to 7000 c p s , —68 db, in which no spontaneous activity like that shown m A 
and B occurred precedmg onset of stimulus E, example of the "silent period” and "after- 
discharge” foUowmg sound stimulation This fiber (10,000 c p s , —84 db) wm stimulated 
with 10,000 c p^ , 0 db — a very mtense tone 

sunple, diphasic potentials registered on the tube face when a vocal sovmd 
(or a whistle or hiss) was made near the cat’s ear The experimenter then 
left the cat isolated m a quiet sound-deadened room, and presented subse- 
quent sounds by remote control through the loudspeaker 

Results 

A General Figure 1 shows the type of response obtamed from favorable 
preparations In A, the words "eighth nerve” spoken m a conversational 
tone at a distance of about 20 feet from the cat ehcited the response pictured 
In B, acoustic stimulation caused an increase in rate of discharge of another 
isolated umt 
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The aim of the experiments described here was to study the response of 
smgle auditory-nerve fibers to acoustic stimulation dehvered to the intact 
ear Sunilar studies on other smgle afferent fibers have remarkably extended 
knowledge of the mode of action of diverse sensory mechanisms, while at 
the same tune emphasizmg their fundamental smulanties The present report 
describes the behavior of smgle auditory fibers and stresses smulanties to 
other sensory nerves, in a subsequent paper we hope to relate these findmgs 
to a specific theory of action of the mammahan cochlea 


Method 


Young cats anesthetized with dial (0 75 cc per kilo) were used m these 
experiments The postero-dorsal aspect of the auditory nerve was exposed 
by removmg the lateral portion of the occipital hone where it meets the 
petrous bone Bleedmg from the smus petrosus infenor was stopped by ju- 
dicious cautenzation or by Clottmg Globulm * 

A Rmger-fiUed glass micropipette with Ag-AgCl wue inserted as close 
as possible to the tip served as the active lead from the nerve It was early 
estabhshed that pipettes with openmgs greater than 5p do not allow isolation 
of the action potentials of smgle auditory fibers The 3 to 5p electrodes used 
have an impedance of about 1 megohm when tested on a resistance-capacity 
bndge between 0 6 and 2 5 kc The rmcroelectrode and the mdifferent elec- 
trode (a silver plate m the neck muscles) led to a capacity-coupled amplifier 
(Grass) with an input impedance of about 8-10 megohms Recordmg was 
done photographic^y from a cathode ray oscillograph A neon bulb at the 
edge of the cathode-ray tube-face signalled the duration of presentation of 
sound 

Pure tones were ordinarily used as stimuh A rubber hose conveyed the 
sound from a loudspeaker to the ear of the ammal The sound system differs 
m no important respect from that already described from this laboratory f 
(4) The tones were generated by a beat frequency oscillator ha\nng a range 
up to 40,000 c p s (G R 713-B) Their intensity was controlled by an 
attenuator graduated in 2 db steps Our reference level (0 db) is 2 V output 
from the oscillator This level corresponds to a sound intensity delivered to 
the ear of the animal of approximately 100 db above human threshold at 
2000 cycles 


* Wc nrc indebted to the Ledcrie I^bomtones for n generous supply of tliLs effectnc 
111 moitntic ngtnl 

® Havk.ns, Jr . ’ Electrophjs.olog) of the Auditory 
Aren of the Ccreliml Cortex, n thesis on file nt Widcncr Libmrj , Cnmbndge, Mass 
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jarred the preparation The monophasic discharge had a high initial rate 
and relatively large amphtude During the next few minutes both rate and 
amphtude progressively diminished until the discharge became lost m the 
random activity of the base-hne 

The monophasic discharge just described has been mterpreted as mjury 
potential set up at the site of the electrode by its conung m contact with the 
fiber The obhteration of the positive phase and mcrease m amphtude and 
duration of the negative phase, as well as the abrupt transition from diphasic 
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Fig 3 Rate- and amplitude-adaptation by single auditory-nerve fiber 
(17,100 CPS -82 db) 

to monophasic discharge, support this mterpretation Figure 2 shows exam- 
ples taken from the records 

Sound stimulation causes an mcrease m rate of monophasic discharge 
analogous to that descnbed for the diphasic discharge (Fig 2C, D) This 
probably means that even though the nerve is bemg excited by the contact 
of the electrode, with consequent passage of impulses toward the periphery, 
the end organ is stdl able to stimulate in the normal way Such impulses as 
do arise, however, ascend only as far as the electrode 

The isolated auditory fiber may discharge m the absence of acoustic stim- 
ulation Examples of this activity, which will be termed "spontaneous,” 
are seen in Fig lA to C More than half the fibers isolated reacted spontan- 
eously, occasionally (Fig ID) one did not Spontaneous activity appears to 
be common m sensory nerves (see 8, p 572) In readmg records from such 
fibers, excess discharge over the spont^eous rate may be taken as mdicatmg 
response to the acoustic stimulation dehvered by the experimenter 

A brief silent period dunng which spontaneous activity is absent often 
occurs upon cessation of stimulation (Fig IB, E) FoUowmg very mtense 
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Evidence that the isolated unit is a single nerve fiber comes from the 
simphcity of the recorded electrical pattern (Fig 1C) The records consist- 
ently show an imtial negative spike followed by a positive phase, and the 
amphtude and duration of the discharge remam practically constant m spite 
of variation of frequency and mtensity of stimulation over a period of man y 
hours In some records, it should be pomted out, the negative phase is re- 
duced or absent (Fig 9) 

Further support for the conclusion that electrical records from smgle 
fibers are here under consideration comes from the difficulties experienced m 
settmg up an adequate preparation A smooth base-hne broken by sharp 



Fig 2 Responses of single auditory-nerve fibers A, B, and C, the same fiber pictured 
in Fig 1, B and C (17,100 c , —82 db) A, diphasic responses become monophasic after 
the artefact, which marks tummg off of the camera motor B, sweeps of the monophasic 
response shown in A and C Compare with Fig 1C The time line is an oscillogram of a 
1000 c p^ tone C, effect of 17,100 c p,s , —68 db D, another fiber (4000 c p^ , —90 db) in 
which stimulus of 4000 c p^ , —80 db causes increase of monophasic response Note bnef 
silent period at off 

spikes when the sound goes on is not commonly seen Usually the electrode 
picks up numerous spikes of varying amphtude, givmg a comphcated picture 
obviously representing activity m many neural umts Subsequent careful 
adjustment of the microelectrode often enhances the response of one unit 
while diminishing that of the others, which become merely annoymg fluctu- 
ations on the base-line These mampulations, it should be noted, often mcrease 
or decrease the relative amphtude of the positive phase This fact is difficult 
to reconcile with the known properties of the nerve discharge unless it be 
assumed that the geometrical relation between very small microelectrodes 
and the active tissue determines in some important way the electncal pat- 
tern which Will be recorded 

On more than one occasion during the recording of smgle fiber potentials, 
the customary diphasic pattern suddenly changed to a monophasic negative 
discharge The phenomenon usually occurred dunng mampulation of the 
electrode or following some actnity by the experimenter which could have 
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the intensity of the sound stnking the ear When intensity is fixed at a value 
just sufficient to cause minimal response, only a narrow band of sound 
frequencies excites a given auditory -nerve fiber Thus we may assign to each 
fiber a characteristic frequency band and a particular minimffi mtensity, and 
refer to these as the "characteristic frequency” and the "minimal mtensity” 
respectively For example, a particular fiber mcreased its rate of discharge a 
just perceptible amoimt over the spontaneous rate (i e , it "began to re- 
spond”) when sound frequencies near 2000 c p s at an intensity level of 

db btlw 2v 
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Fig 5 Data used to construct the response area for an auditory 
fiber (2000 c p s . —100 db) At the intensity level given on the ordinate 
those frequencies covered by the horizontal line caused the fiber to re- 
spond Note that as intensity increases (less attenuation) the range of 
stimulating frequencies is extended The spread, however, is unsym- 
metncal 

100 db (below 2 V ) were presented to the ear At 102 db, all frequencies were 
meffective This fiber, therefore, had a "characteristic frequency” of 2000 
c p 8 and a "minimal mtensify” of — lOOdb, and it may hereafter be desig- 
nated as "the 2000 c p s , —100 db” fiber 

Figure 4 shows the characteristic frequency and minimal mtensity values 
for some forty fibers It wiU be noted that no fibers with characteristic fre- 
quency below 420 c p s were isolated in spite of repeated attempts to find 
them This may mean that the cat has no fibers specifically sensitive to fre- 
quencies below about 400 cycles, or that the standard operation used through- 
out this study does not favor their isolation 

How extensive is the range of frequencies which excite at minimal mten- 
sity? For a 700 cycle fiber the range was ±10 cycles, i e , between 690 and 
710 c p s For a 7000 cycle fiber it was ± about 100 c p s Thus although m 
terms of cycles per second the bands are narrow for "low frequency” and 
broad for "high frequency” fibers, relatively they are about the same Each 
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stimuli, the silent period may be succeeded by a penod of marked accelera- 
tion of the spontaneous discharge (Fig IE) 

B Adaptation A decrease m the voltage output of the auditory nerve 
shortly after onset of sound stimulation was noted and termed "equilibra- 
tion” by Derbyshire and Davis (4) They attributed this phenomenon to 
(i) decrease m the rate of discharge and (u) decrease m voltage output of 
each respondmg fiber We shall refer to these two factors as rate-adaptation 
and amphtude-adaptation, respectively Figure 3 shows that this explana- 



Fig 4 Frequencies and intensities at which minunal responses were 
obtained from single auditory-nerve fibers Each point marks the char- 
acteristic frequency and minimal intensity of one unit Solid line shows 
aural microphonic thresholds for one of the cats used in these expen- 
ments (nerves isolated from this cat are indicated by the open squares) 

Each symbol represents a different animal 

tion, offered for data collected with a (large) co-axial electrode, is supported 
by the study of smgle fiber responses Tie rate of nerve discharge at the 
onset of stimulation is relatively high, but drops off with tune, this type of 
adaptation m auditory fibers is bke that occurrmg in other sensory fibers 
(1, p 23 ff ) Furthermore, a diminution of spike height (voltage) also takes 
place m accord with observations that rapid discharge prevents complete 
functional recovery of the nerve fiber (7) As a general rule, both rate- and 
amplitude-adaptation can be expected to be substantially complete withm 
a few tenths of a second after a fiber begins to respond (see Fig IB, and 9) 
Some fibers, like that pictured in Fig 7, appear not to exhibit the adaptation 
phenomena 

C Minimal response of single fiber YTiether or not a smgle auditory- 
nerve fiber Mill respond to a pure tone depends upon both the frequency and 
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facts wiU be considered m detail later as evidence that larger and larger areas 
of the basilar membrane respond to mcreasmgly more mtense tones 

A hne connecting the ends of the frequency bands shown in Fig 5 en- 
closes a roughly triangular area which contams each soimd frequency and 
mtensity capable of stimulatmg the given fiber This area may be turned 
the "response area" for that nerve fiber, and each response area is umque 
Figure 6 shows response areas for three fibers from one animal, where over- 
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Fig 7 Frequency of nerve discharge as a function of sound in- 
tensity This fiber (2600 c p s , —110 db) behaves toward increase in 
intensity by increasing its rate of discharge Intensity level at which 
above records were taken (in db) 1, —110, 2, —106, 3, —102, 4, —98, 
5, —94,6, —90,7, —80,8, —60 The gradual coarseiung of the baseline 
as intensity is increased probably means that the microelectrode, al- 
though smglmg out one fiber fairly clearly, was picking up the responses 
of many fibers in the same tract 


lappmg occurs, stimuh are defined which would have excited both (or all 
three) fibers 

The contmuous "V”-shaped hne which marks the lower boundary of 
each response area m Fig 6 may be thought of as the threshold curve for 
excitation of the correspondmg fiber This threshold excitation curve gives 
the mtensity required to ehcit a just perceptible mcrease in nervous activity 
at each frequency 

D Response of the single fiber as a function of sound intensity The rate of 
discharge of an isolated auditory fiber is determmed by the frequency, the 
mtensity, and the time after onset of the stimulatmg tone How the fiber 
"eqmhbrates” or adapts with tune has already been demonstrated (Fig 3), 
and how rate of discharge depends, at constant mtensity, on sound frequency 
wdl be treated under "iso-mtensity contours” (see below), this section will 
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fiber may therefore be said to "tune m” sharply to a specific and narrow re- 
gion of the sound spectrum This findmg is of first importance in establishing 
the mode of action of the cochlea m hearmg 

On comparing minimum mtensities required for activation of nerve 
fibers and for the appearance of aural microphomcs (Fig 4), two important 
pomts emerge First, aural microphomc thresholds (measured at the round 
window) appear to be a poor index of the minim um sound mtensity required 
for nerve stimulation This is particularly true for high frequencies while no 
cochlear potentials above 20 kc can ordmanly be measured at the round 
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Fig 6 Response areas for 4 different fibers The 3 at the left of 
the figure are from the same animal The 2000 c response area shown 
here is the same one pictured in Fig 5 

window, yet nerve fibers excited by greatly attenuated sounds of frequencies 
of 25 kc or higher are found with relative ease It is also important that al- 
though over the 1 to 10 kc range the minimal mtensity for some fibers hes 
near the threshold of the aural microphomc, other fibers may require for 
excitation much reduced, or much mcreased, mtensity This mdicates that 
there are many nerve fibers which respond to a given frequency, and that 
they are called m successively as the sound mtensity is raised 

The range of soimd frequencies capable of exatmg a fiber becomes more 
extensive as the intensity level is raised This fact is shown in Fig 5 At each 
value given on the ordinate (mtensity level), those frequencies covered by 
the solid honzontal line were able to excite The sharp tunmg noted at the 
minimal intensity obviously disappears as intensit 3 ^ level is raised At 90 db 
nbo\e its minimal mtensity, this particular fiber is excited by all frequencies 
between 250 c p s and 2500 c p s , representmg, respectively, 3 octaves be- 
low, and only about octave above the characteristic frequency These 
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partially adapted auditory fiber respond to increase in stimulus intensity by 
an mcrease in rate of discharge About 400 discharges per second is the 
maximum rate, and a rapidly adaptmg fiber attains this rate when intensity 
IS about 30 db above its minimal 

Exceptions to the above generahzation are occasionally found One 
fiber (1150 cp s , —80 db) discharged at a constant, slow rate (about 20 

per sec ) regardless of stimulus m- 
tensily Others, hke that shown m 
Fig 9 (10,000 cps, -120 db) 
displayed marked reluctance to m- 
crease rate and never approached 
a maximum of 300 discharges per 
second Results of this sort con- 
stitute a small percentage of the 
data and may eventually require 
special consideration and classi- 
fication 

The behavior of the com- 
pletely adapted smgle fiber to 
change m mtensity is similar to 
what has just been descnbed for 
unadapted or partially adapted 
fibers Figure 10 shows segments 
from the continuous record of the 
response of a 2600 cycle fiber (the 
same one shown m Fig 7) to a 
2600 cycle tone, between each seg- 
ment of the record, the mtensity 
was raised 2 db Figure 10 and 
the accompanymg graph demon- 
strate that mcrease m mtensity is 
followed by a higher rate of nerve 
discharge m an adapted auditory 
fiber The maximum rate achieved, 
an extremely low mimmal mtensity but also about 200 discharges per second, 
reacted toward mte^ty mcrease by a Imear ^g unadapted max- 

increase in rate of discharge ^ 

imum of 450 spikes per second 

Some adapted fibers do not behave m precisely the manner just descnbed 
One fiber, subjected to the procedure used for obtainmg the data summarized 
m Fig 10, mamtamed its eqmhbrated discharge rate of 60 to 60 responses 
per second m spite of an mtensity mcrease of 50 db No immediate explana- 
tion for this phenomenon is apparent 

E Iso-intensity contours for a single fiber The rate of discharge of a smgle 
auditory fiber was shown to depend, at constant sound frequency, upon m- 
tensity of stimulus The question now arises as to how the fiber behaves 
when mtensity is kept coiistant but frequency is changed 
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describe the very considerable part played by sound intensity in determining 
nerve discharge rate 

"Minimal mtensity” has been defined as that intensity level which just 
causes discharge, or, if the fiber is spontaneously active, where a just per- 
ceptible increase over the spontaneous rate occurs When stimulus mtensity 
18 raised above the minimal the fiber responds by dischargmg more rapidly 
Figure 7 illustrates this fact, in Fig 8 data from three different fibers are 



records like those in Fig 7 by counting spikes occurring during first 0 1 
sec and multiplying by 10 

plotted Frequency of nerve discharge (spikes per second) clearly vanes with 
stimulus intensity for auditory fibers as for other sensory fibers For most 
auditory fibers the maximum discharge rate is attamed at sound mtensities 
about 30 db above the minimal mtensity 

The values of discharge rate plotted in Fig 8 were calculated by multiply- 
ing by ten the spikes appeanng m the first one-tenth second after onset of 
the tone Reading the records in this way gives data on the maximum rate of 
discharge — on fibers undergoing rapid adaptation WTien, mstead of this, the 
total number of nerve discharges in the first second are counted and plotted, 
the resulting curves are like Fig 8, except that lover values appear at each 
intensity and a maximum of 300 to 350 discharges per second is obtained 
with highest intensities Typically, therefore, both the unadapted and the 
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given fiber Such contours show clearly that frequency of nerve discharge is 
not solely determined by stimulus frequency Instead, nerve-discharge rate 
18 a function of both the frequency and the intensity of the stimulus To 
be sure, the sound frequency which first excites (m this case 7000 c p s ) is the 
most effective at any mtensity, yet as mtensity level is raised, activity is 
caused by frequencies at some distance from (and particularly those below) 
the characteristic frequency 

F Phase relationship between nerve discharge and aural microphonic Vol- 
ley theories, as formulated by Troland (17, p 44) and Wever and Bray (19), 
postulate a close relationship between soimd frequency and nerve-discharge 
rate The frequency of nerve discharge accordmg to that theory should be 
either equal to, or some sub-multiple of, the sound frequency A study of 



Fig 11 Iso-intensity contours for a 
single fiber (7000 c p s , —84 db) The way 
in which frequency of nerve discharge va- 
nes with sound frequency is plotted here 
The number on each contour hne indicates 
the intensity level at which the determina- 
tions were made This figure shows that as 
sound intensity level increases (numbem 
on con tour lines get smaller), 1) the fiber is 
excited by frequencies which he farther 
away, and 2) any frequency capable of ex- 
citmg the fiber ehcits more discharges 
Frequency of nerve response is detemuned 
by both the frequency and the mtensity of 
the sound stimulus 


Fig 8, however, makes it appear that any frequency of nerve discharge (up 
to about 460 per sec ) may accompany any sound frequency, while a cursory 
glance at records such as those m Fig 1 and 3 may lead to the conclusion 
that the nerve discharges in a haphazard and erratic manner Such behavior 
if demonstrated, would be mconsistent with a volley theory, and we were 
therefore mterested m desigmng an experiment to show whether the nerve 
impulse IS synchronized with some phase of the sound wave 

To test whether the nerve discharge occurs at a particular and specific 
pomt m the sotmd wave cycle, both nerve response and aiual microphomc 
were photographed simultaneously This was made possible smce under 
certam conditions the potential led off by the microelectrode mcluded a 
sigmficant component from the cochlea (aural microphomc) m addition to 
the nerve response Although this meant introduction of an undesuable 
artifact mto most of the records, it supplied exactly the conditions for re- 
latmg nerve response to the phase of the sound stimulus 

In Fig 12A responses of a smgle fiber are seen to clump closely about one 
bnlf or less of each aural microphomc cycle The aural microphomc in this 
record may be taken to represent the sound wave, and smce the nerve spike 
shows a consistent phase relationship to the aural rmcrophomc, this indi- 



RESPONSE OF SINGLE AUDITORY-NERVE FIBERS 49 

This question was attacked experimentally as follows Once the response 
area pictured in Fig 5 was detemmied for a given fiber, records of nerve 
activity were photographed at appropriate frequencies for each intensity 
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Fig 10 Frequency of ner\ e discharge as a func- 
tion of sound intensity for an adapted fiber (2600 c , 
— 110 db) A 2600 c p^ tone was dehvered continu- 
ously to the animal while the inteasity was raised in 2 
db steps The Bucccssi\el> numbei^ segments of 
record in the figure represent the adapted response of 
the fiber to 2600 c p^ as intensity successuely 
changes from -llOdbto -80 db in 2 db steps Points 
on the graph were established b^ counting the number 
of spikes appearing m 1 sec 


level and the spikes appeanng m the first second counted Figure 11 shovs 
the results for one such experiment Each contour line relates rate of nerve 
discharge and sound frequencies at a fixed intensity level The whole family 
of curves so obtained may be termed the "iso-intensitv contours” for the 
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activity in a single auditory unit and the famihar threshold of hearing curve 
Both are defined in terms of the frequency and the mtensity of the tone stnk- 
ing the ear and they both pass through a minimum The pnncipal difference 
hes in the relative narrowness of the frequency range for the single fiber 
The absolute sensitivity of auditory units apparently varies over a wide 

range (Fig 4) The more sensitive umts are 



Pig 13 Sumiltaneous recording 
of aural microphonic and single fiber 
response at dififerent frequencies 
This fiber (650 c p s , —62 db) dis- 
charges in phase with the micro- 
phonic at frequencies between 500 
and 1000 c p s 


just excited, at then characteristic frequen- 
cies, by intensities which must he close to 
the absolute threshold of hearmg The leas 
sensitive umts, however, reqmre for exata- 
tion mtensities which must be "loud” to the 
cat 

Regardless of whether the umt is sensi- 
tive or not, however, an mcrease m mten- 
sity of 2 db over the minimal mtensity 
causes it to discharge, on the average, 
about 40 additional times each second (see 
Fig 8) This IS a very noticeable change m 
the response of the umt It amounts to 
about 10 per cent of the maximum possible 
change 

It IS mterestmg to compare this differ- 
ential mtensity sensitivity of the isolated 
auditory umt with that of the ear as a 
whole The difference hmen for mtensity is 
usually given as about 3 db between 1000 
and 4000 cycles at 5 db above threshold for 
human subjects (16, p 138) The 3 db in- 
crease of mtensity required to ehat a sensa- 
tion of mcreased loudness (human) will 
cause about 60 additional discharges per 
second to arise m one auditory fiber (cat) 

2 Spontaneous discharge, silent period 
and after-discharge Spontaneous activity m 
sensory nerves appears to be a fairly com- 
mon phenomenon Thus many visual (8), 
olfactory (3), gustatory (15), lateral Ime 
(9), and now auditory afferents are known 


to discharge m the absence of any apparent stimulus On the other hand, 
vestibular (12), touch (1, 5), visceral (10), vibratory (14) and stnated 


muscle (13) afferents seem to display httle if any spontaneous activity 
Spontaneous activity appears to occur only when the nerve is m contmmty 
with an active end organ Lateral-hne afferents cease dischargmg if cut pe- 
ripheral to the recordmg electrodes (9) Adrian and Ludwig (3) showed that 
whereas spontaneous discharge m the nerve was reduced by anesthetmng 
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cates a similar phase relationship to the sound wave The hundreds of soimd 
wave cycles (measured, as just m cheated, m terms of microphomc cycles) 
recorded m the sweeps m Fig 12A gave nse to only tens of nerve discharges, 
yet it IS perfectly clear that nerve impulses, when they do arise, consistently 
occur at a specific and particular portion of the sound wave cycle Figure 
12B shows the similar behavior of another fiber Figure 13 illustrates the 
same pomt, and supphes the adchtional information that the nerve chscharge 
IS m synchromsm with any sound wave of sufficient mtensity to stimulate 
These results both confirm and extend to voUey hypothesis 

It will be noted that there is some variability m the spot on the aural 


Fig 12 Simultfineous record- 
ing of aural microphomc and smgle 
fiber response Each record is the 
photograph of many sweeps on the 
cathode ray tube face The responses 
of the nerve are the sharp downward 
deflections, aural microphomc is the 
undulatmg heavy line A, 1050 
c p,s , — 16 db dehvered to the ear 
(minimal response from the fiber at 
1050 c p,s , —32 db) B, 650 c p,s , 
—24 db delivered to the ear (mim- 
mal response at 650 c p s , —40 db) 
Records photographically intensi- 
fied but not retouched 



microphomc cycle where the nerve impulse anses The maximum vanabdity 
amounts to about 0 25 msec in Fig 12A If it be assumed that a similar 
vanabihty occurs at other frequencies, it would be expected that the audi- 
tory nerve as a whole could not discharge synchronoudy above about 4000 
c p s This IS the value arrived at experimentally by Wever and Bray (18) 
and by Derbyshire and Davis (4) 

Discussion 

A The behavior of auditory' nerve fibers 

1 Sensitivity The threshold for exatation of a given auditory-nerve fiber 
is given by the series of points which marks the boundary of the response 
area (Fig 5 and 6) Each point on this contour designates a tone which is 
just adequate for exciting the fiber The point at which this contour passes 
through a minimum of intensity gi\es the "characteristic frequency” and 
"minimal inlensitj ” 

There is a resemblance between the contour showmg the threshold for 
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at most for 10 per cent of the total voltage drop undergone dunng eqmhbra- 
tion, while rate-adaptation probably accounts for the remainder Ordmanly 
the rate drops to 25 per cent of the maximum withm a second after onset of 
stimulation, and some fibers, especially those not maximally excited by the 
tone, may adapt to extmction Although it is difficult to assess the impor- 
tance of rate-adaptation in rapid equihbration with any exactness, it seems 
clear that it may decrease the potential output of the auditory nerve to 25 
per cent of its maximum within a second or so after the sound goes on 

4 Maximum rate of discharge The maximum rate of nerve discharge ap- 
pears to be determmed not by the abihty of the fiber to respond but by the 
capacity of the end organ to discharge Durmg the first 0 05 sec after onset 
of stimulation, a series of impulses at a maximum rate not exceedmg 500 
per sec may arise, yet one impulse can follow another at rates up to 900 or 
1000 per sec This seems to show that the nerve is only occasionally called 
upon to discharge at its highest rate 

The bottom sweep m Fig 1C was reproduced to show the shortest m- 
terval between two impulses noted m some 500 high-speed records The m- 
terval is about 1 msec Intervals shorter than this — mdicatmg rates higher 
than 1000 per second — ^have not been observed in hundreds of slow-speed 
records either, there is no justification for assuming, therefore, that auditory 
nerves display unusually bnef refractory penod phenomena 

B Single fiber responses and hearing 

1 General considerations It is necessary to estabhsh one pomt regardmg 
the distribution of the penphered endmgs of the auditory nerve m order to 
apply the data from smgle fibers to a specific theory of action of the mam- 
m^an cochlea in hearmg The question is simply this are the endmgs of 
each fiber m contact with few or with many hair-cells'^ Lorente de Nd (11) 
discussed this problem and described five types of fibers, of which "radial” 
fibers end on a few neighboring mtemal hair-cells, while "spual external” 
fibers end on hair-ceUs over a third of a turn or longer The distributions of 
only two out of five fiber-tjqies are known, and thus the question of how 
many hair-cells are capable of excitmg a given nerve fiber receives only a 
partial answer from the excellent work of the anatomists 

Pendmg clarification of this problem, it will be assumed that each nerve 
fiber IS m contact with a "small number” of hair-ceUs From this assumption 
it follows that response m a smgle auditory fiber means excitation m a par- 
ticular and restricted region of the cochlea It will be noted that distortion 
of hair-cells resultmg from movement of the basdar membrane is taken for 
granted as a prereqmsite for nerve excitation This tram of events appears to 
be generally accepted as a fimdamental part of the mechamsm of hearmg 
and needs no further discussion 

2 Pitch discrimination near threshold In Fig 4 the frequency and m- 
tensity at which minimal response was obtamed from some 40 separate 
auditory fibers are plotted At minimal intensity, each fiber responds to 
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the end organ (olfactory bulb in fish), it could be abolished only by section 
of the nerve between the end organ and the recording electrodes It is diffi- 
cult to say exactly what constituted the olfactory stimulus m the above case, 
and mdeed to determine whether there actually was one, the same difficulties 
arise m the case of the eye, tongue and ear Two alternatives are apparent 
either it is not possible completely to ehmmate stimulus energy under even 
the best experimental conditions (i e , there is no such thmg as a "stimulus- 
vacuum”), or a certam number of end-organ elements, always dehcately 
poised at the bnnk of dischargmg, occasionally do so even though no stimu- 
lation of the sort usually considered adequate is presented As an example of 
the latter alternative, shght mechamcal movements mduced by blood flow 
might, be responsible for all spontaneous discharge If this were true, it 
would appear that the cells of a given end organ, imtable to an extraordmary 
degree to one type of energy, nevertheless can be discharged by other types 
of stimuh 

In the case of the ear, spontaneous nerve activity may be due to dis- 
charge of the end organ stimulated by the many sounds which must con- 
stantly bombard the ear Sounds attendmg respiration, heart beat and flow 
of blood through cochlear structures as well as those external noises resultmg 
from mabdity to soimdproof the experimental room completely may all 
constitute adequate stimuh for the sensitive end-organ structures 

The silent period is that fraction of a second foUowmg cessation of stimu- 
lation during which no spontaneous activity is detectable The silent penod 
was observed m most fibers isolated and seemed to be particularly marked 
after stimulation at high mtensity levels, no attempt was made to study this 
phenomenon in any systematic way A marked mcrease m spontaneous 
activity followed the silent penod m certam cases where stimulation was 
very intense (Fig IE) Because of analogies to behavior of other end organs, 
this may be termed an after-discharge It deserves further study smce it 
may be correlated with the tmmtus which many persons expenence after 
exposure to loud sounds 

3 Adaptation Like certain visual, muscle spmdle and pressure afferents, 
auditory nerves respond to a contmued stimulus of constant mtensity by a 
burst of impulses which gradually declmes in rate In this respect they clearly 
resemble the pressure sense organs from which they are embryologically de- 
rived 

The final rate of discharge maintained by an auditory receptor adapted 
vith tones at ordinary intensity levels is 100 to 200 discharges per second, 
and the steady state is arrived at within a second or two No further sigmfi- 
cant change occurs even though activity is recorded for as long as 30 seconds 
The so-called "slow equilibration” discussed by Derbyshire and Dans (4) 
V. as not inxestigated 

The "rapid equilibration” of Derb3'shire and Davis appears to result from 
a combination of rate- and amplitude-adaptation occumng in the fibers 
excited by the stimulus Adaptation in amplitude of response maj account 
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allow direct exploration of the total area a given tone involves Instead, it 
identifies only those tones which affect the area isolated The evidence is 
nevertheless unequivocal for a gradual and systematic extension of the pat- 
tern of vibration of the basilar membrane as mtensity is raised 

Here, then, is a second phenomenon common to aU tones havmg the 
same pitch They all cover the same minimum area, and the louder ones, 
while extendmg that minimum area in aU directions, do so accordmg to a 
senes of regular rules So long as the site of maximum stimulation remams 
fixed and new increments of area around the edges of that previously m 
vibration are added m a systematic way, the pitch stays constant 

It should be apparent that the discussion m this section very closely re- 
sembles the space-time pattern theory formulated by Fletcher (6) Sunilan- 
ties and differences will receive more complete attention m a later paper, m 
which, also, the pattern of vibration of the basilar membrane as denved 
from response-area data will be discussed 

Summary 

The activity in single fibers of the auditory nerve in cats has been studied 
with the aid of microelectrodes The fibers were excited by dehvenng acoustic 
stimulation to the ear Each auditory-nerve fiber responds only to a narrow 
band of sound frequencies when the sound intensity is just sufficient to 
excite it at all Fibers were found which were specifically sensitive to narrow 
bands of frequencies in the frequency range between 420 c p s and 25,000 
c p 8 (Fig 4) 

The auditory fiber exhibits no unusually bnef refractory phenomena It 
may discharge spontaneously m the absence of any apparent soimd stimulus 
After a penod of marked activity during sound stimulation, the spontaneous 
activity may be temporarily depressed (sdent penod), then accelerated 
(after-discharge) (Fig 1) 

The auditory fiber typically responds to a continuous adequate sound 
stimulus by a tram of impulses imtially high, but gradually declining in rate 
(Fig 3) Within a few tenths of a second after the tone goes on this rate- 
adaptation 13 complete and the amphtude of the action potentials is some- 
what diminished as well It is concluded that auditory fibers behave in every 
important respect hke other sensory fibers 

At constant frequency an increase m sound intensity causes an increase 
in rate of discharge by the smgle fiber (Fig 8) Most fibers reach a maximum 
of 450 discharges per second after an intensity increase of about 30 db 

The frequency band capable of exciting a given fiber increases markedly 
as the mtensity level IS raised (Fig 5) At levels about 100 db above threshold 
tones as far away as 3 octaves below and i octave above may be adequate 
The auditory-nerve fiber discharges m synchromsm with a defimte part 
of the stimulatmg sound-wave cycle (Fig 12) 

The results are held to support a place theory of hearmg accordmg to 
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only a narrow band of frequencies Ail other frequencies are ineffective This 
clearly indicates that each pure tone singles out and causes to move one par- 
ticular and restncted region of the basilar membrane For perception of pitch 
at threshold, then, the data from these experiments conjBrms a place theory 
of hearmg, a theory accordmg to which different regions along the length 
of the basilar membrane are excited by different sound frequencies 

3 Loudness The prmcipal psychological correlate of the mtensity of a 
tone IS its loudness Our experiments show that an mcrease m sound mtensity 
results m an mcrease m number of nerve impulses ascendmg the auditory 
nerve 

Increase m mtensity of the sound stimulus excites more nerve activity m 
two ways First, each active fiber discharges at a higher rate (see Fig 8) 
Second, a larger number of fibers are made active This is shown by Fig 5 
and 6 (response areas), where a given spot on the basilar membrane — fixed 
by the smgle fiber bemg studied—is excited by sound frequencies which he 
farther and farther removed as the mtensity level is raised These response 
areas, demonstrated experimentally, can only be interpreted as supportmg 
the famihar concept of spread of excitation along the basilar membrane as a 
basic explanation for loudness perception 

4 Pitch perception at high intensities For man at least, a 2000 cycle tone 
near threshold has just about the same pitch as a 2000 cycle tone at a sensa- 
tion level of 100 db Our experiments show the mvolvement of a large basilar 
membrane area, with many nerve fibers excited, when the tone is loud, as 
opposed to a small area with few fibers excited at or near threshold mtensity 
(Fig 5, 6, and 11) 

However, the abihty of the frequency which first excites to contmue, as 
mtensity level nses, as the most effective stimulus is a consistent findmg 
Thus, in Fig 11 where the iso-intensity contours for a 7000 cycle fiber are 
plotted, each 7000 cycle tone calls out more nerve activity at a given in- 
tensity level than any other stimulatmg frequency This particular 7000 cycle 
fiber was always most readily excited by a 7000 cycle tone at any intensity 
level up to 50 db above its mmunal intensity At intensities above this, ad- 
jacent frequencies begin to cause maximal discharge, and consequently 
maximal discharge from this fiber can no longer serve as a clue for pitch How- 
ever, it should be recalled that a number of fibers have the same charac- 
teristic frequency but widely different minimal intensities (See Fig 4 at 
7000 cycles ) The characlenstic frequency is the most effective stimulus, 
therefore, to that intensity where all fibers "tuned” to that frequency have 
not yet been forced to respond at their maximum rate This, in effect, is a 
restatement of Gray’s theory of maximum stimulation 

In addition to causing maximum excitation at one spot on the basilar 
membrane, increasingly more intense tones at a given frequency appear to 
enlarge the area invoh ed in a regular and systematic manner This is shown 
both by the response-area evidence already discussed, and by the iso- 
intensitj, contours It must be clear that the single fiber technique does not 
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which pitch IS a function of where, and loudness a function of how much of, 
the basilar membrane is disturbed 
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tion of the boundanes of the responsive cortex Further explorations were made in similar 
fashion over wide cortical areas bordermg the acoustically responsive area so defined 

The primary responsive area was next strychmmzed by appl 3 rmg to it a small piece of 
blotting paper moistened m a 1 per cent aqueous solution of strychnine sulfate The previ- 
ous explorations were repeated and other procedures were earned out as detailed below 

Results and Discussion 

Ten cats were used In all cases after strychninization of the primary 
responsive area, responses resemblmg the diphasic primary projection re- 
sponse occurred m a second, hitherto silent, region of the posterior ecto- 
sylvian gyrus (See Fig 1 and 2 ) Usually there was a non-responsive area 





Fig 1 and 2 Liehtlv ^ Same symbols as Fig 1 and 2 Broken hne 

stippled area on middle ec- indicates position of mcision made in cortex 
to sylvian gyrus shows pn- 

mary projection area, heavily stippled portion withm primary projection area indicates 
extent of strychnmized cortex Secondary responsive area is shown by heavy dots 


separatmg it from the primary area In aU cases, whether or not the two 
areas were contiguous, maximal secondary potentials were obtamed from 
the upper part of the lower half of the posterior ectosylvian gyrus, and the 
magmtude of response dimimshed from that center m both superior and 
inferior directions In no case was there a secondary responsive area any- 
where except on the posterior ectosylvian gyrus 

The potentials from the secondary area could always be dimimshed by 
makmg a shallow (2 mm ) cut m the cortex across the posterior ectosylvian 
gyrus at the hne or strip of demarcation between primary and secondary 
areas (See Fig 3, 4, and 5 ) They could sometimes be entirely abohshed by 
deeperung the mcision to 4 mm In three cats, after detenmnmg the extent 
of the secondary responsive area, the primary area was decorticated by suc- 
tion pipette In each case, after such decortication, no vestige of response 
remamed m the still intact postenor ectosylvian cortex 
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Present knowledge of the of cortical association area known as para- 
receptive cortex (e g penstnate and parastnate areas) is based principally 
on cytoarcbitectonic studies purporting to demonstrate that such regions of 
specific histological structure are related to associative functions In addi- 
tion, there have been several reports of the distribution of fibers from pri- 
mary receptive zones to surroundmg cortex, based on Marchi studies follow- 
mg experimental lesions in the primary areas There is a division of opinion 
ansmg from these studies concermng the distance traversed by and pattern 
of distribution of such association fibers In some instances bundles of fibers 
have been descnbed which run for long distances to termmate m remote 
parts of the cortex In others, there seems to be reason to beheve that the 
frequently descnbed long association bundles are improbable and that trans- 
cortical conduction is accomplished by fibers runnmg only short distances 
Presumably these are arranged m some sort of cham or network m such a 
way that impulses takmg ongm m a given locus may ultimately reach re- 
mote cortical loa This hypothesis is difficult to correlate with the observa- 
tion of several mvestigators that stimulation of a cortical locus may result m 
an electncal response m some other specific cortical locus, both loci bemg 
surrounded by great areas of non-responsive cortex 

The present commumcation is a report of experiments usmg the strych- 
mne method on the temporal cortex of the cat, they grew out of and were 
incidental to the oscillographic mappmg of the acoustic projection area 
While the idea that strychiune may act upon cortical (or other) synapses m 
such a way as to facihtate Sjmaptic transmission is not new, the apphcation 
of this principal to a study of transcortical conduction pathways has been 
rather limited 

PKOCEDURE 

One or both hemispheres of the cat were exposed under deep Nembutal anesthesia 
The areas of cortex showanR responses to click stimulation were then mapped bv the meth- 
od described by Ades (1) Cortical response to sharp mechanical cheks deh%ered one foot 
(30 cm ) from the cat’s car was measured by means of a single-phase, capacity-coupled 
amplifier recording on a cathode-ray oscillograph The actiie electrode was a saline- 
moistened thread drawn through a hypodermic needle and anchored to the sk-uU by a 
holder permitting moNcment in any direction the animal was grounded through a chp- 
lend attached to skin or muscle The electrode, in hght contact with the pia mater, was 
roo\^ systematically in 2 mm steps o\er an area sufficiently large to permit exact defini- 

• Communication No 53 from the Physiological Psychology Laboratory, Um%ersity 
of RochesUr (Llmer A Culler, Director) This laboratory is mamtained by aid of the 
Research Council, Amcncan Otological Society 
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definitely is acoustic in its connections and function (2) In the hght of the 
recent studies cited above it is clear that the termination of the gemculo- 
temporal radiation m the cat has as its lowest possible inferior lumt, the 
superior end of the pseudosylvian sulcus, more probably the hnnt is 2-3 mm 
above the end of the sulcus The situation m the cat is comphcated because 





Fig 7-12 After Mettler Solid black marks lesions 
Stippbng indicates points of termination of degenerated 
fibers from area of lesion, proportionate number of fibers 
IS shown by relative size of dots, heavy dots denoting 
strong connections 

Fig 7 Mettler’s cat 513, Fig 13 
Fig 8 Mettler’s cat 516, Fig 11 
Fig 9 Mettler’s cat 617, Fig 11 
Fig 10 Mettler’s cat 514, Fig 17 
Fig 11 Mettler’s cat 605, Fig 21 
Fig 12 Mettler’s cat 507, Fig 9 

of the complete lack of a middle ectosylvian sulcus, rendermg problematical 
the exact Ime of demarcation between pseudosylvian and middle ectosylvian 
cortex If compared with the canme temporal region, it seems most hkely 
that the lower limit of the gemculo-temporal projection area of the cat cor- 
responds to the nuddle ectosylvian sulcus of the dog (m the dog, the acousti- 
cally responsive area is confined to the cortex bounded infenorly by the 
nuddle ectosylvian sulcus) 

Smce Campbell’s map is apparently impossible of confirmation even by 
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The most obvious explanation of an area such as this, is that it constitutes 
a parareceptive zone, or acoustic association area From the evidence ad- 
duced, one would expect to find strong fiber connections from middle ecto- 
sylvian cortex (primary acoustic area) to the postenor ectosylsylvian region 
of secondary response One might equally well expect that the two areas 
would differ m their histological features As a matter of fact, neither condi- 
tion obtains m the hght of available anatomical evidence 

Campbell (4), on the basis of cytoarchitectomc studies, divided the 
temporal cortex of the cat mto two parts which be called ectosylvian A and 
ectosylvian B (See Fig 6 ) Obviously, neither area corresponds to either of 
the areas descnbed m the present study (i e pnmary projection area or pos- 



Fig 6 Cat temporal areas accordmg to Campbell 


tenor ectosylvian secondary area) Mettler (6), m the course of an investiga- 
tion of the cat’s temporal region by the Marchi method, descnbes six cases m 
which his lesions mvolve considerable portions of the primary acoustic area 
as defined mdependently by Kommiiller (5), Bremer and Dow (3), and 
Ades (1) (See Fig 7-12 ) In four of the six cases, degenerated fibers to the 
area which has been designated as secondary acoustic are conspicuously 
absent, m the other two cases, such fibers are sparse, and, judgmg from 
Mettler’s descnption, among the least stnJong of the short association con- 
nections from the middle ectosylvian cortex In short, the areas dehneated 
by both Campbell and Mettler fail to comcide with the experimental findmgs 
descnbed above 

At this point it may be pertment to note that the only pomt of agree- 
ment which can be found in the fehne temporal area is on the location of 
the primary projection area By the use of no less than four different meth- 
ods, Kommuiler (5), Bremer and Dow (3), WooUard and Harpman (7), and 
Ades (1) define almost precisely the same pnmary projection area There is, 
thus, a senous disagreement betw'een the cortical map common to this group 
of workers and the map of Campbell which Mettler apparently finds himself 
able to confirm 

It 18 difficult to consider seriously any map which, like Campbell’s, places 
acoustic function m the canuvore pseudosyhnan cortex That area cor- 
responds to the insular cortex of the pnmate uhich is certainly not acoustic 
The carnivore ectosylvian region, on the other hand, is presumably homol- 
ogous wnth the supenor temporal cortex of the pnmate, and the latter most 
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his own method (3), it is no longer acceptable If it be rejected, it is possible 
to reopen the problem of mterrelations withm the felme temporal cortex 
Therefore, in addition to the primary projection area occupjnng the middle 
ectosylvian gyrus, the expenments reported here mdicate the presence of 
a secondary acoustic area on the posterior ectosylvian g 3 rrus 
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wardly along the floor In general, however, voluntary movements of the 
animal at this time were even slower than normal for the sloth Further sec- 
tion of the whole cortex was made usually withm 2 hours, to the depth of 
several milhmeters lower than the first mcision 

The completely decorticate two-toed animal showed itself vigorously ag- 
gressive (for the sloth) on merely shght provocation the flexion strilang 
movement of the fore limbs was fairly qmck and powerful, although erratic, 
teeth were bared, and clawmg, bitmg and grmdmg actions ensued, snarhng 
and hissmg were common features, and continued many mmutes after a sus- 
pected adversary had retreated Sahvation occurred m a few cases Sweating 
was not observed on the foot-pads or any part of the body at any tune It 
may be mentioned, however, that at least vestigial sweat glands are said to 
be present in the sloth (2) The quasi-emotional expressions were usually 
lower in force value than affective reactions found m normal ammals, but 
showed longer, irregular and unbridled contmuance 

In the case of the three-toed sloth, pseudaffective responses were some- 
what sumlar but much less vigorous, and stnkmg movements were usually 


Table 1 Decorticate and Decerebrate Reactions in Sloths 
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absent The expressions were really in nearer agreement with the normal 
behavior of this most torpid of aE mammalian types The results of these 
experiments are given m summary m Table 1 

There was persistence of pseudsiffectivity m nearly aU animals even after 
several bram sections had been earned out, and the immediate consequent 
shock had disappeared The condition was apparent to some extent after 
transections m the vicmity of the antenor colheuh In the case of low-Ievel 
or decerebrate prepara'f^^’^” VinTOowor cnr-li nonnHe nf nctivitv ap- 
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The exceedinglt low plane of activity on which the sloth hves offers a 
stimulating challenge to naturalists and expenmental workers alike In 
stud 3 Tng various functions of this animal recently in its native habitat (2), 
it seemed desirable to mquire into some phases of cerebral influence on mus- 
cular activity Different ways of speeding up or deslothmg the sloth, mclud- 
mg excitation of the central nervous system, have already been reported (5) 
Such stimulation of this ancient mammal, however, does not bnng it any- 
where near par m a muscular sense with modem, active forms 

The commoner sloths, the two-toed Cholepus hoffmanni, and the ex- 
tremely slow three-toed Bradypus griseus griseus, were studied m the present 
experiments All observations refer commonly to both didactyl and tn- 
dactyl forms, unless otherwise noted 

METHODS 

Under bght prebminary ether anesthesia, a few square centimeters of the scalp in the 
mid-region were deflected, a 2-cm trephine opening made m the cranium, and the rest of 
the bony vault then removed with rongeur forceps to expose the upper bram surface m its 
coverings In earber work some attempts were made to localize cortical motor areas by 
electrical stimulation, after cutting and drawing aside the dura mater, these efforts were 
much handicapped, however, under tropical conditions More specific inquiry was then 
made into the possible occurrence of the pseudaffective state in both sloth forms Cerebral 
transections were performed with a semi-blunt dissector, in order to reduce bleedmg to a 
minimum Since the blood pressure m the peripheral tissues of sloths is low (2), bgature of 
carotid vessels was not necessary At autopsy the remaimng brain tissues were remov ed and 
examined after fixation in formabn 


Results 

The first sections of the cerebral cortex extended over the frontal and 
panetal regions, and were earned to the depth of a few millim eters only. 
Shock was observed to supervene in all cases, the atonic, unresponsive con- 
dition was usually profound for about 5 mmutes, and gradually gave way 
in the next 8 or 10 minutes to a nearly normal responsive state In some cases, 
however, shock was in evidence for 20-30 rmnutes 

Such partially decorticate sloths became spontaneously active wTthm an 
hour after operation, and began chmbing about the cage or crawhng awk- 

* Tl'c plijsiologicnl phn'ics of these studies were aimed out nt the Gorgas Memonal 
l^hornloiy. Hep Panama, under the terms of a John Simon Guggenheim Memonal 
tellovv-ship held bj the senior author dunng 1937-39 The thanks of the authors are 
^atefuUv extended to Dr Herbert C Clark of thrs laboratorj, for hue unfailing courtesies 
ounnp the investigations 
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Some features of the posture m the decerebrate preparation are shown m 
the adjommg illustrations (Fig 1) Decerebrate sloths survived several days 
— m some cases 6 or 7 — after cerebral section had been earned out No at- 
tempt was made to mamtam asepsis, and apparently infections were respon- 
sible m a few instances for early exitus 

Rectal temperatures were recorded throughout, and it wiU be seen from 
Table 1 that no marked change followed decerebration Earher work m this 
laboratory shows that the rectal temperature of sloths is normally several 
degrees below that of higher mammals (3, 4, 5), and those now recorded 
are m agreement The average readmgs m our experiments were 

normal two-toed sloth, 34 4“, three-toed, 33 0° 
decerebrate two-toed sloth, 33 0°, three-toed, 33 3° 

Pulse and respiratory rates were not significantly different from those of the 
normal, unoperated sloth 

Discussion 

The sum total of the decorticate reactions m the sloth constituted a fairly 
complete parallel to the pseudaffective or quasi-emotional state first ob- 
served by Woodworth and Sherrmgton (9) Similar m character, pseudaffec- 
tivity m this ancient and primitive form was less evident m degree only com- 
pared to that desenbed m higher mammals by Cannon and Bntton (6) 
Decerebrate rigidity of the extensor type occurred frequently m these 
experiments, but not as often as the flexor t^e, which was first desenbed by 
Richter and Bartemeier (8) These earher mvestigators did not observe ex- 
tensor ngidity in the sloth, possibly because of failure to study their prepara- 
tions over a sufliciently long penod after operation In four of our survivmg 
cases, hypertonus m extension became a notable feature as the condition of 
flexion regressed Bazett and Penfield (1) also found differences m the char- 
acter of tome decerebrate responses at different penods after operation 
Furthermore, our ammals were utilized m the fresh state m the tropics, 
shortly after bemg brought m from the jungle 

The extensor ngidity appeared to be typical or classical m character, 
not unlike that m the decerebrate cat Differences m the response of the 
decerebrate sloth, i e flexion or extension under varymg conditions, may 
perhaps be referable to the level of bram section, but on this pomt our results 
are not clear 

Langworthy (7) showed that, although the flexors m sloths may repre- 
sent the anti-gravity muscles, extensor responses of the hmbs on stimula- 
tion of the cortical motor areas are nevertheless predommant That the mus- 
cle mass of the commoner tardigrades represents only about 26 per cent of 
the body weight, compared to 40 per cent m most mammals, has already 
been pomted out (2) The marked hypertomcity which may be developed m 
the decerebrate sloth is therefore particularly stnkmg, m view of the relative 
poverty of skeletal muscle m this animal 
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peared only occasionally, and intermittent outbursts of rigidity were fre- 
quent 

In a few of the earber experiments on decerebrate sloths, the rigidity 
which was first observed was whoUy of the fiexor type The flexion move- 
ments were usually extreme, and the animal sometimes remained curled up 
m a resistant, ball-hke mass for 5-15 mmutes at a time In a few instances 
the forehmbs only were held tightly clasped across the chest and abdommal 
area In tndactyl animals, the stumpy tail was usually extended or dorsi- 
flexed 

It WEIS a common findmg m many of these experimental animals, how- 
ever, that decerebrate rigidity of the extensor type also supervened durmg a 
pEirt of the post-operative period In some cases, mdeed, this was the domi- 
nant condition The extensor position which was assumed was essentially 




A B 

Typical extensor ngidity in decerebrate sloths (A) Tv.o-toed amtnal, Cholepus 
hoffmanni (B) Three-toed, Bradyptisgriseusgneeus Note that feet are held in tbepomtion 
of slight flexion The hind limbs of both sjiecies are not straight ei en in the ' fully 
extended ’ position 

Similar in both didactyl and tndactyl forms, although Cholepus usually gave 
the better display, both fore and hmd hmbs vere mvolved, and dorsiflexion 
of the head was seen when the animal was placed on its side and thus al- 
lowed freer movement Slight flexion of the feet occurred almost mvanably 
in correlation with extension of the limbs In several instances extensor ngid- 
ity appeared more prominently in the latter part of the post-operative sur- 
Mval period, when in contrast flexion usually tended to disappear 
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Summary 

1 Shock which follows transection of the brain in the sloth is profound 
for about 5 mmutes, and usually disappears m 10-15 minutes 

2 Considerable activity, apparently spontaneous, is shown by sloths 
which have been deprived of large cortical areas, mcluding those doimnating 
motor reactions m higher forms 

3 A pseudaffective state, not sigmficantly different from that observed 
in higher mammals, appears following removal of the upper parts of the 
tardigrade cortex This condition may persist even after bram section has 
been made to low levels 

4 Decerebrate rigidity m the sloth may be either flexor or extensor m 
type, the former is somewhat more frequent Extensor ngidity is usually 
more evident durmg the latter part of the post-operative survival period, and 
18 classical in type 

5 Temperature, pulse and respiratory rates were well mamtamed m the 
decerebrate sloth 


REFERENCES 

1 Bazett, H C , and PENnELD, W G A study of Sherrington decerebrate animal in 
chronic as well aa acute condition Brain, 1922, 45 185-265 

2 Britton, S W Form and function in the sloth Quart Rev Biol , 1941, 16 13-34, 
190-207 

3 Britton, S W , and Atkinson, W E Poilnlothennism in the sloth J Mammal , 
1938, 19 94-99 

4 Britton, S W , and Kline, R F On deslothing the sloth Science, 1938, 90 16-17 

5 Britton, S W , and Kline, R F Emotional hyperglycemia in tropical mammals and 
reptiles Amer J Physiol , 1939, 125 730-734 

6 Cannon, W B , and Britton, S W Conditions of activity in endocnne glands, 
pseudaffective meduUiadrenal secretion Amer J Physiol , 1925, 72 283-294 

7 Lancworthy, O R Physiological study of cerebral motor cortex and control of pos- 
ture in sloth J comp Neurol , 1935, 62 333-348 

8 Richter, C P , and Bartemeier, L H Decerebrate rigidity of the sloth Brain 
1926,49 207-225 

9 Woodworth, R S , and Sherrington, C S A pseudaffectne reflex and its spinal 
path J Physiol , 1901, 31 234-243 



A Handbook of 

ALLERGY 

for 

Students and Practitioners 


By 

Wyndham B. Blanton, M.A., M.D., Litt D. 

Professor of Clinical Mediane 
and Chief of the Immunology Clinic, O P D , 
Medical College of Virginia, 
Richmond, Virginia 


Allergy, as taught and practiced today, is presented in a condensed 
manner and with unusual clarity 

This up-to-date and authentic book is intended to meet practical 
needs for usable information on allergy It will be particularly 
useful to busy students and busier practitioners of medicine 


PRICE ^5 oo postpaid 


Published by 

CHARLES C THOMAS • Sprmgfield • Illmois • U SA 




BACK VOLTOIES 
of the 
JOURNAL 
OF 

NEUROPHYSIOLOGY 

Volumes I-V (1938-1942 Ind ) 

S30 00, United Stales, (jinada and 
Latin America 

S32 50, Other Countries 
Single Copies SI 50 Postpaid 

Order front 

CHARLES C THOMAS 
PUBUSHER 

220 East Monroe Street 
Spnngfield, Illinois, U^ A 


GARCEAU aECTROENCEPHAlOGRAPHS 


AC OPEBATED AO BATTERIES 

INKLESS TTHtTlNC HFQIIRE NO SIIIELDTSC 

SHIPPED READt TO BUN PROMPT DELIlXRt 



Th« Junior Oareoou Eleotrarne^phatograpk 


A •Jmplified ineTpcoiIre lo^tnimeol for recordlop oWtncal 
poientLilj of iLe Lrajo BaHt m mterference ebminatori 
pcnait D c aofwhcre record^ — no pboto^apbj or 

film dcTtlopmcnt rfrqqjred In Ununeooj loctlLUtba vnh 
«Df 2 of the JO provided I^adv 

All C 0 Tceau EUctrornctphal'yfropkt operate enttrtlr fron 
the JJS fotu SO or 00 cfeU paver hnes 

ELECTTRO-MEDICAL LABORATORY, I>C. 
HOLLISTON, MASS\CHUSETTS, USA 


IMPORTANT BOOKS 


PRACTICAL NEUROLOGICAL 
DIAGNOSIS 
By R Glen Spurling, M D 

A manual of neurological examination suit 
able for students and for ph)’sicians 

X, 233 pages 99 figures S4 00 


THE HOSPITAL CARE OF 
NEUROSURGICAL PATIENTS 
By W'allace B Hambi , M D 

This clear exposition of the minimum de- 
tails IS highly recommendable 

XII, 118 pages 24 figures $2 00 


MEDICAL PROGRESS 
ANNUAL 
Volume III 1942 
By Robert N N"! e, M D 

TIk latest word on VcTiat Is NOW ac- 
cepted in diagnosis and practice Written 
by *>2 tollaboraots 

Vni, 678 pages 11 figures $5 00 


NEUROLOGY (2nd Edition) 

By Rot R Grinker, M D 

In this book neurology is siessed as a part 
of the biological sciences rather than as the 
more usual recount of symptoms and signs 
of disease 

X, 999 pages 406 figures $8 50 


Published b\ CHART PQ r xt-inmAC 




#• f t »•* 






74 


M OZORIO DE ALMEIDA 


RESXn.TS 

Absence of attacks at 0° or below in North American frogs In a niimber of 
experiments performed at New Haven with North American frogs it was 
possible to confirm the pomt already observed, namely, that attacks were 
not caused at temperatures above O^C In the majority of cases there was 
no reaction The muscles of the isolated hmd limbs remamed perfectly im- 
mobile, even though the cord were exposed to the low temperature for ten, 
fifteen and even twenty mmutes In several cases, although no attack was 
produced, there were fibnUary twitchmgs similar to those which precede 
ordmary attacks The twitchmgs were feeble and usually lasted only one to 
two mmutes 

Only once was a full attack produced, the temperature of the bath was 
0 5°C , the attack tome and dome, long and prolonged, commenced 7 5 
mmutes after the begmmng of the c hillin g This resihent form lasts firom 1 
to 1 5 mmutes after the cord is plunged mto the bath It is not easy to ex- 
plam this smgle exception contrary to aU our experience m other North 
American frogs The animal apparently was not abnormal 

In previous experiments it was found that attacks developed without ex- 
ternal excitation, sections of the posterior nerve roots did not prevent them 
External exatation, however, did have some mfluence upon the attacks 
Repeated stimulation of the foot pads durmg chilling of the cord rmght lead 
to an attack at a temperature several degrees above the superior limit at 
which attacks ordmanly occurred The reflex influence was ipsilateral In 
North Amencan frogs, reflex attacks could not be demonstrated under 0° 
but twitching could be mduced and pronounced chrome seizures did not de- 
velop 

In resum6, epileptiform attacks caused by sudden c hillin g of the spmal 
cord of North Amencan frogs can not be caused m temperatures above O^C 

With cord exposed Experiments with Brazihan frogs had shown that the 
speed of c hillin g exerted a considerable mfluence on the attack If, m place 
of bemg sudden, the chilling proceeds slowly, low temperatures may be at- 
tamed without causmg an attack The opemng of the vertebral canal, with 
the cord exposed and submitted to direct action of cold, accelerates the chiU- 
mg The latent penod, that is to say, the tune between the onset of action of 
the cold and the begmmng of the attack was reduced to about 10 seconds, 
if the temperature of the bath is below 4°C Otherwise, one can cause an 
attack up to 12°, whereas the upper hmit is 8 5° and the vertebral canal re- 
mains closed 

In North Amencan frogs it is possible to obtam a characteristic attack 
after exposure of the cord The operation is performed one half hour before 
the experiment Before making the preparation, the determination whether 
the animal’s voluntary movements are normal is made, and after prepara- 
tion, whether the reflexes are m good condition, and finally assurance that 
neither the cord nor its roots have been mjured durmg the operation 

Under these conditions only once was there no attack In aU other ex- 
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In 1933 it was found that sudden coohng of the spinal cord of Brazilian frogs 
with cord and posterior extremities isolated, caused an epileptiform attack 
No one previously had obtamed attacks of this type m frogs or m other ani- 
mals Faradic stimulation was without effect, also constant current stimula- 
tion (2) In re-examimng the question with various types of stimulating 
currents, it was determmed that Brazilian frogs did not develop attacks with 
any type of electrical stimulation 

Detailed studies were accordingly made of cold seizures One pomt 
hitherto unstudied is presented m this mvestigation, namely, that the at- 
tacks exhibit characteristics different m different species of frogs and they 
show considerable modifications m the same species transferred to a different 
climate The influence of climate and other conditions m which the a n imals 
hve has an influence on the characteristics of seizures Also for the South 
Amencan frogs {Leptodactylus ocellatus) the upper li m it of temperature is 
higher at Rio, 8 5°C than at Buenos Aires or Montevideo, 5®C , and higher 
still at Pernambuco 12®C than at Rio The form of the attack is the same 
at Buenos Aires and at Montevideo where chmatic conditions are closely 
similar It has been demonstrated also that North Amencan frogs trans- 
ported to Rio do not have attacks even at 0°, mdeed one cannot even mduce 
them by lowermg the temperature several degrees below zero The change 
in character of the epdeptiform attacks, the differences of speaes and con- 
ditions of life raise mterestmg questions The present study descnbes ex- 
periments made at Yale with North Amencan frogs durmg the wmter of 
1942 


TECHNIQUES 

Several different procedures were followed for recording an attack by sudden cooling 
In one group )t was arranged to use Ringer solution =o arranged as to be chilled quickly 
by cuTulnting It through ICC water prei. lously described The isolated spinal cord prepara- 
tion could be plunged quickly in a cold Ringer bath mth the hind extremities attach^ to 
n cord through the sciatic none, rested outside the bath and arranged for myographic 
recordings The temperature of the bath was recorded by a simple thermometer \\'hen it 
w ns necessary to cool the cord below 0 C it w as still possible to use the bath method replac- 
ing the Ringer b> liquid paraffin (petrolatum) or e%en b> a concentrated sodium chloride It 

has iK-on established Hint at cxtrcmeK low temperatures hypertonic solutions do not 
stimulate neraes Another method consists of appljnng ether, or better, ethyl chloride on 
the unopened vertebral column It is necessarj to place the preparation in a position so 
that tl^ ether or elhjl chloral docs not fall on the nerve tnmks as thev emerge from the 
corf One can also evoke attacks bj applying carbon dioxide snow on the vertebral 
column T experiments hn\c boon with 'drj ico 
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The experunents of control are made with preparations m which the cord 
has been previously at the mterior of the vertebral canal However, the ap- 
phcation of dry ice on the dorsal surface of the spmal cord gives place to 
contractions of the muscles of the legs These contractions due to c hillin g 
of the nerves through the other tissues begm much later than m the case of 
the attack, their duration is much more reduced, they are much less mtense, 
not presentmg a tome phase and not showmg a systematization hke that ob- 
served m a true attack 

The dry ice can produce such attacks m the whole body without the ne- 
cessity of isolatmg the vertebral column Thus m many experiments the cord 
was separated from the superior centers and the skm of the back elevated 
The frog was placed on the edge of the table so that the posterior limbs re- 
mamed free The apphcation of the dry ice on the back gave rise to violent 
attacks, with convulsions not only of the posterior, but of the anterior mem- 
bers and of the muscles of the body The latent period is long The reflexes 
did not return after the reheatmg, except m one case and then only m the 
anterior members 

When paraffin oil is employed as a bath, it is necessary to reduce the 
temperature extremely low m order to obtam an attack and that is probably 
due to the reduced calonfic conductabdity of the oil At 6° below no attack 
IS produced At 18° below the attack is feeble and entirely dome 

In a bath of concentrated solution of NaCl, chilled below 0°, the attack 
IS strong and presents a tome phase 

4 Means of inducing an attack at 0° or below 0° It is possible to obtam 
an attack at 0°, or even below 0°, without exposmg the cord by opemng the 
vertebral canal The first method consists of mjectmg a quarter of an hour 
before the preparation a certam dose of caffeme m every case insufficient for 
produemg visible mtoxication Good results were obtamed with one mjection 
of 1 or 1 5 cc of a solution of benzoate of caffeme m the lymphatic sac The 
attack IS produced up to 3 5°, showmg fairly strong dome and tome con- 
tractions and bemg prolonged for 2 mmutes In one of these experiments it 
lasted 4 mmutes The latent period lengthened with the temperature of the 
bath 45 seconds at 0° and 4 mmutes at 3° 

The attack was also mduced at 0° m North American frogs, but not m a 
steady and constant manner, if any other method was employed The verte- 
bral column contauung the cord was first subjected to the action of an 
elevated temperature (28 and 36°C ) for 2 to 5 mmutes Then the cord was 
plunged mto a bath of Rmger solution at 0° Under these conditions, a char- 
acteristic attack was observed m many cases, it was not strong, bemg con- 
fined m general to the dome phase, with the latent period relativdy short In 
some cases, the attack itself was not produced, but the muscles showed dome 
contractions strong enough to persist for 2 or 3 mmutes In a certam number 
of cases there was no reaction 

5 Epileptiform attacks produced by chemical excitation of cord The ap- 
phcation of a crystal of sodium chloride on the medulla oblongata of the frog 
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penments sharp attacks occurred The latent penod vaned from one to 
three mmutes, the temperature of the cold bath being 0°-0 5°. This is a 
latent penod much larger than that m the same conditions with Leptodactylus 
ocdlatus 

The attack m Rana pipiens brought on by chiUmg after exposure of the 
cord, begins about one mmute after the onset of chdhng, by trembhng 
fibrillations, which become stronger and stronger, there then follows a phase 
of disordered dome contractions, and finally a tome phase, the dome con- 
tractions becommg additive from the contraction of the muscles The attack 
13 much more prolonged m the Brazihan frogs and m certam cases, endured 
for four mmutes It is almost always asymmetnc, as is the case of attacks 
m European frogs, and contrariwise of those m Leptodactylus ocdlatus In one 
case at Yale the attack only commenced m the nght leg when the convul- 
sions disappeared m the left leg 

To sum up, the attacks were produced m North American frogs at 0°, or 
even a httle below 0°, when the spmal column is opened and the cord is di- 
rectly exposed to the action of cold 

3 Attack produced bdow 0°C In North American frogs attacks by qmck 
coohng of the cord is always produced, if the temperature attained is sufh- 
aently low and below the freezmg pomt of water The attack is not uniform 
and may show divergent characteristics dependmg on the method em- 
ployed, which 13 probably due to differences m the rapidity of the chiUmg 
The apphcation of ether, which is apphed drop by drop on the dorsal 
surface of the exposed cord is often sufficient to produce an attack Ethyl 
chlonde is, however, less efficacious In some cases the attack is almost ex- 
clusively dome and lasts about two mmutes The tome phase is absent or is 
feeble and reduced After the attack, the reflexes return if the cord is agam 
placed m a Rmger bath at room temperature The apphcation of dry ice 
on the closed spmal cord is marked by the production of extraordmanly m- 
tense attacks The latent penod is bnef Some seconds after the onset of 
chilhng dome contractions of muscles have already been mitiated The con- 
tractions mcrease and a penod of tome contractions follows, tetamc m nature 
and of great mtensity In general the attack is not symmetncal 

If, on the one hand, apphcation of dry ice produces the phenomenon with 
exceptional intensity this method still is not entirely free of objection The 
chilhng IS too extreme and cannot be apphed with comfort In consequence 
of this when the attack has ended, if one rewarms the cord by removmg it 
to the circumambient temperature, the reflexes do not return the centers 
have been functionally destroyed On the other hand, the chilhng may reach 
the nerves In the Ringer bath at 0°, the nerves give no reaction, they are 
not excited by the cold WTien ethyl chloride is employed, if a drop faUs on 
the ner\ e, there are some quick muscular contractions and the cord loses its 
conductibility, but it is always possible to distinguish among the contractions 
those vhich are of central ongin With drj' ice, chilhng of the nerves across 
1 C other tissues may by itself give fairl 3 strong contractions of the muscles 
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elevated, as in those performed at Yale The Rmger bath technique, at a 
temperature varjong between 0 3 to 1“ was employed In one case, there was 
no attack properly speakmg, but the dome contractions were fairly strong 
and prolonged In the other cases, clearcut attacks, although feeble, were 
produced Naturally the apphcation of ethyl chloride produced much 
stronger attacks The attacks observed were similar to those which were 
found when the cord was subjected to temperatures approachmg the upper 
limit The temperature of 1 or 1 5° was then, m a similar manner, the actual 
upper hmit of the attacks m Rana catesbyana in Cuba If one compares these 
results ob tamed at Yale, where it was established that the attack was not 
produced m frogs, either at 0° or by apphcation of ether or even by pre- 
liminary sensitivation by caffeme, it may be conduded that there is a pro- 
gressive modification, a shght adaptation of this sort of reactions of the cen- 
tral nervous system to conditions of chmate The fact that Rana catesbyana 
of Brazil did not have attacks at 0°, demonstrates that to mduce this altera- 
tion needs several years 


Conclusions 

1 In North Amencan frogs, Rana pipiens, an epileptiform attack by 
quick chilhng of the isolated spmal cord was not produced at temperatures 
below O^C , on the contrary they have been observed m South Amencan 
frogs {Leptodactylus ocellatus) 

2 However, the attack can be obtamed at O^C or a httle below if the 
vertebral canal is opened and the cord directly exposed to the action of cold 
In these conditions, the phenomenon, although frequent, was not constant 

3 The attack could be mduced by coohng the cord below 0°C , by the 
apphcation of ether, ethyl chlonde, dry ice or by utihzmg freezmg baths of 
hqmds with low freezmg pomts 

4 The characteristics of the attack depended on the method employed 
When the attack was complete, it was prolonged and presented dome and 
tome phases The feeble attacks were exdusively dome 

5 The prehmmary mjection of caffeme m the frog made attacks possible 
up to temperatures of 3 5° 

6 In many cases, the prehmmary wanmng of the cord for several mm- 
utes at a temperature from 28 to 36° mdusive, made it possible to mduce an 
attack at 0° or at least a httle below 0° 

7 The direct apphcation of a concentrated solution of sodium chlonde 
on the spmsd cord produced m the North Amencan frogs a convulsive attack 
perfectly resembhng that observed under the same conditions m the Brazil- 
ian frogs 

8 At 0° or below, Rana catesbyana m North Amenca does not on chillmg 
of the spmal cord have an attack 

9 This compared with the fact that frogs of the same species adapted to 
a warm chmate (Cuba) for more than 20 years frequently with attacks at 
1° below zero demonstrate that this convulsive reaction of the nervous sys- 
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produced a convulsive attack (9) Recently Ebbecke (10) also was able to 
induce convulsions by injecting into the cerebral hemispheres a concentrated 
solution of NaCl However, no one has been able to obtain convulsive reac- 
tions when the irritant substance acted directly on the cord (2, 9) Mous- 
satch^ and Vianna Dias (11) have shown that the direct apphcation on the 
cord of a 20 per cent solution of NaCl provoked a strong convulsive attack 
in the Brazihan frog In the North American frogs examined at Yale con- 
centrated solutions of NaCl put m contact with the cord have constantly 
given rise to an attack resembhng perfectly those observed m Rio 

6 Experiments on Rana catesbyana The specimens studied were of mid- 
dle size, with weights varymg from 300-500 g The muscles of the back were 
elevated m a manne r to reduce as much as possible the surface to be chiUed 
In no case did chillin g at 0° mduce an attack or any other reaction whatso- 
ever In two cases, apphcations of ether were tried, but without effect With 
ethyl chloride a strong attack resulted, both dome and tome One of the 
frogs treated by caffeme, had no attack at 1°C, there were at most some 
trembhng and dome contractions The same frog, after a ten-mmute expo- 
sure to cold had a slight reflex attack 

Discussion 

Epileptiform attacks mduced by rapid cbullmg of the cord appear m Rana 
pipiens m North Amenca m a manner qmte different from those observed m 
Leptodactylus ocellatus m South Amenca They resemble rather the reactions 
observed earher m European frogs Smgly, the chemical exatations give 
reactions which are the same in R pipiens and Leptodactylus, and which are 
different from those of European frogs 

All these observations raise the question whether the proven differences 
are due to the fact that there are species differences, or to the action of ch- 
mate and other conditions of life 

The best means of studying this question is to acchmatize one species of 
frogs of one country to a different chmate m another At Rio de Janeiro Rana 
catesbyana have been raised for several years being imported from North 
Amenca In our laboratory it has been established that these frogs, bom m 
Brazil, did not have attacks at 0° or below It was necessary to ebill the cord 
below 0° by ethyl chloride, for example, in order to produce the attack Ex- 
periments were repeated every year to estabhsh whether a modification of 
reactions could be found mth the passing of time 

On a recent visit to Cuba it was possible to do some experiments with 
specimens of Rana catesbyana From the mformation obtained, this species, 
also imported from North America, had been m Cuba for about 20 years, a 
much greater time than that which had elapsed since we had started to raise 
them in Brazil This made it possible to v'erify whether such a prolonged 
adaptation ns this to a warm chmate produced perceptible modification of 
the characteristics of the attack 

In the experiments carried out at Havana, the muscles of the back were 
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tern changes slowly and progressively under the action of the surrounding 
temperature 
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way, which is perhaps more important, is between the postenor hypothalam- 
ic region and the medial nucleus of the thalamus, through the penventncu- 
lar system of fibers It is known that lesions of the thalamus or the 
thalamo-cortical radiations also abolish the activity of the cortex (1, 2, 3, 9, 
11,7) We have also observed the disappearance of the spontaneous activity of 
the cerebral cortex by thalamic lesions or by section of the thalamo-cortical 
connections Dempsey and Monson (6) have observed that even a small 
portion of cortex (1 cm sq ), isolated by careful removal of all the cortex of 
the hemisphere and keeping its thalamic connections, can mamtam its spon- 
taneous bursts of activity Besides, there is also evidence that stimulation of 
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Fig 1 Spontaneovis cortical activity before, umnediately after and 60 min sifter 
lesion of the hypothalamus O occipital, P parietal and F frontal leads 

the medial nucleus of the thalamus gives rise to widespread cortical responses 
similar to the bursts of activity of the spontaneous electrocorticogram (6, 7) 
It can be assumed, therefore, that the hypothalamus may influence the 
cerebral cortex through its thalamic connections and perhaps by way of the 
medial thalamic region The dnvmg influence of the h 3 q)othalamus upon the 
cortex has been shown by experiments with h 3 q)othalamic stimulation (10) 
Cortical responses also occur after stimulation of the subthalamic regions 

( 13 ) 
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There has recently been growmg evidence of the functional interrelation 
between the cerebral cortex and the lower subcortical levels It seems that 
the cortical activity is sustained and influenced not only by the afferent 
impulses from the different sensory organs, but also by the impulses from 
lower subcortical levels (thalamus, diencepbalon, etc ), that play a part m 
the mamtenance and modification of the cortical activity Exploration of 
the electrical activity of the nervous tissue has been used m the study of 
the functional mterrelation between the cortex and the lower levels (6, 7, 9) 
We here report some experiments on the influence of hypothalamic lesions 
upon the electncal activity of the cerebral cortex 

Methods 

The expenments were acute and earned out m 20 cata under Nembutal anaesthesia 
The electncal activity was recorded from one hemisphere by silver wire electrodes inserted 
through small holes in the skull until in contact with the dura The recording was bipolar 
with a distance of about 1 cm between each pair of electrodes Usually three pairs of such 
electrodes were used The records were taken with a six-channel ink wntmg electroen- 
cephalograph (Adams and Bradley model) The hemisphere opposite to the one on which 
the records were taken was exposed by removal of the bone and through this side the dif- 
ferent lesions were made At the end of the experiment the brain was remoied and kept in 
formalin for its macroscopical study 

Results 


In the cat under Nembutal anaesthesia we have observed a spontaneous 
electncal activity made by waves with a frequency between 5 and 10 per 
sec and a voltage of about 40 to 200 mV This spontaneous activity often 
appears m discharges of waves with a duration of several seconds (2 to 5) 
and repeats at intervals of 2 to 10 sec Sometimes the spontaneous activity 
IS more continuous This type of spontaneous activity under barbituric an- 
aesthesia conforms to the pattern found by different authors (2, 8, 14) 

The lesion of the hypothalamic and basal portion of the brain completely 
abohshes the spontaneous activity of the cerebral cortex (Fig 1 and 2), for 
the duration of the experiment (one or more hours) It is important to em- 
phasize that this effect of hj'pothalamic lesions on the cortical acti\nty takes 
place with the complete integrity of the thalamus and the rest of the bram* 
The interrelation betw-een the hypothalamus and the cerebral cortex 
seems to be through the thalamus The anatomical evidence (5) shows two 
mam pathways from the hjqiothalamus to the thalamus One is from the 
mammillary bodies to the anterior nucleus ot the thalamus The other path- 


• Till'? nbolition of corticnl nctnitj does not wm lo be secondsry to changes in the 
cimilntion or blood supply of the cortex, because injection of stimulating drugs (strveh- 
nine melmrol) brings back tcmpopil and epileptiform discharges of the cortex ^ 
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There is also chiucal evidence to support abnormal slow waves m the 
cerebral cortex in cases of tumors mvolvmg the diencephalon and structures 
around the third ventricle (4, 15) It is difficult to find an explanation for 
these slow dicharges and Adrian has suggested, in the case of Cairns, Old- 
field, Pennybacker and Whittendge (4), that the pressure on the thalamus 
by the tumor may have sent up ab- 
normal volleys of impulses which 
might be responsible for the appear- 
ance of large waves on the cortex 
The lower levels below the hypo- 
thalamic and basal region of the 
bram do not seem to have such an 
mtense and prominent influence on 
the cortical rh 3 rthms The cortical 
activity persists, at least for some 
time, m the cat (2) and monkey 



(12), after completely sectiomng the 
midbram In our experiments we 
have also confirmed the persistence 
of cortical rh 3 d:hms, although di- 
minished, after sections through the 


Fig 2 Section of the brain of the cat 
used m the erpenment of Fig 1 showing the 
lesion of the hypothalamic and basal region 
of the brain 


midbram, even at the rostral level of the supenor coUicuh bodies 


Summary 

A lesion hmited to the hypothalamus and basal region of the bram 
abolishes the spontaneous electncal activity of the cerebral cortex 

After lesions of the thalamus or its thalamo-cortical pathways, the corti- 
cal activity also disappears 

On the basis of different kmds of evidence it is suggested that the hy- 
pothalamus may influence cortical activity through its thalamic connections 
Section through the midbram does not entirely abolish cortical activity. 
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alter the frequency of discharge of the pacemaker neurons of the cardiac 
ganghon of Limulus to affect the over-all heart rate The attempt is not made 
here to analyze the effect on the frequency of discharge of smgle cells withm 
each heart beat 

MATERIALS AND METHODS 

About three dozen adult specimens of Limulus polyphemus, mostly females, collected 
m Long Island Sound between March and June, have been studi^ m detail, by continuous 
electrical recordmg over periods of several hours The specimens were kept in air at room 
temperatures for periods up to a week before use The heart was exposed by removmg the 
exoskeleton over it, carefully cutting the attachments of the pericardium In most cases 
the organ was then remov^ from the body carefully and cleaned of pencardium and 
gonadal tissue Lying on a horizontal glass plate, in air, at room temperature, the heart 
beat was remarkably steady m amphtude and frequency, for many hours Usually no sea 
water, artificial physiologic solution or natural blood was used to bathe the heart Little 
trouble was encountered from drymg It was preferred not to add comphcations of mecham- 
cal stimulation or change of chemical environment, and complete immersion was undesir- 
able for electrical reasons In some cases, however, it was necessary for special reasons to 
have a circumambient fluid or to wash the preparation Both sea water and serum dramed 
off after coagulation of the blood have been used No differences between them have been 
noted 

The frequency and amphtude varied considerably between preparations No correla- 
tion with condition of the animal, character of the dissection or other obvious factors was 
apparent But both frequency and amphtude could be modified by conditions such as 
temperature, pH, state of distension, etc 

Certain experiments called for partial or complete removal of the ganghon This was 
done by hfting the ganghon at one end and cuttmg beneath it with fine scissors carefully 
avoidmg mclusion of muscle If the dissection was earned far enough so that no pacemakmg 
neurons were left attached to the myocardium (as tested by complete cessation of beat on 
cuttmg through the connection between ganghon and myocardium) not aU of the heart but 
only the half or third of it nearest the undissected end contmued to beat If the separation 
was not earned so far the whole myocardium contmued to beat but some portion of the 
ganghon capable of beconung a pacemaker was still attached to the muscle 

Polarization was accomplished by passmg currents through the tissue by way of Ag- 
AgCl-sea water electrodes of convement form Leads came from the movable points of two 
parallel potentiometers across a senes of dry cells A galvanometer with a range switch 
permittmg accurate readings of current flow from a few microamperes to miUiamperes, was 
m senes with one lead A polanty reversmg switch was mcluded when desired The current 
was mtroduced, mcreased or turned ofiT by rotation of one of the stepless carbon potentiom- 
eters, although it was found that a sudden make or break was just as satisfactory and did 
not mtroduce special comphcations due to stimulation 

The electrical activity of the heart was recorded chiefly with moving coil, siphon pen 
oscillographs usmg Grass amplifiers (condenser-coupled) but many records were also made 
with the DC amphfier of Goodwin (12) and with moving coil, loop (Westinghouse) or 
cathode ray oscillographs Three channels of recordmg were usually used simultaneously 
Ag-AgCl-sea water electrodes m glass pipettes with cotton wicks were employed, several 
pairs usually bemg apphed to the heart, each electrode mounted m an mdividual poly- 
styrene holder 

Mechanograms were taken occasionally This was done either by a thread which trans- 
mitted the transverse contraction of the heart to a hmged shutter mterceptmg a hght beam 
fallin g on a photo-cell, or by inflating the heart with air and illuminatmg the photo-cell 
with a mirror mounted on a sensitive tambour m communication with the heart Thus the 
mechanogram could be recorded by one of the amphfler-oscillograph channels on the same 
record as the electrical activity 


Results 

The character of the electrogram of the mtact heart of Limulus is seen 
m Fig 1 and 2 It is of complex form, most of the deflections are not duph- 
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Intboduction 

Indications are now numerous that the frequency of firing of the nerve cell 
depends on the DC electnc field m which it hes ("electrotomc current,” 
"somatic potential,” "standmg or steady state potential”) Such DC fields 
are known to exist m nerve cell masses (19, 15) and evidence is accumulatmg 
that imposed constant currents will exert profound effects on the nerve celL 
Direct evidence that imposed DC alters many properties of the nerve fiber 
has been obtamed (14, 29, 13) Gerard (9) has reviewed the evidence that 
"cell discharges are related to cell potentials” (see also 14) A number of 
arguments have been brought forward to support the view that the cell body 
fires accordmg to the over-all DC field resultmg from the number, time rela- 
tions, and spatial distribution over its soma of the axon action currents con- 
vergmg on it from many sources (10, 11) 

A direct demonstration of a change m the frequency of firmg of nerve 
cells by altenng the mtensity of an imposed DC field has been made by 
Barron and Matthews (5) m spmal motor neurons of the frog and cat The 
experiments of Auger and Fessard (3, 4), and Bradway and Moore (7) may 
at least mclude this effect Changes m the vertebrate electroencephalogram 
durmg and followmg the passage of direct current through the bram, have 
been reported (8, 19) Ch^ges m frequency were not present or not promi- 
nent and m any case the nature of these waves and their relation to nerve 
cell firmg is too httle understood to allow mterpretation of them m terms of 
mdividual nerve cell behavior or resultmg axonal impulses 

A definite effect on frequency of heart beat has been obtamed m Clado- 
cera (24), molluscs (2, 20, 22), and vertebrates (31, 23, 25, 30, 21, 16) But 
the effects are probably not exerted on nerve cells m any of these cases They 
differ m character from those here described since they are at least partially 
adapting 

The ganghon of the neurogemc heart of Limulus seemed to offer an excep- 
tionally favorable opportumty to test the question on ner\'e cells with an 
intrinsic automaticity The preparation is favorable for handhng, dissectmg 
and electrical recording The purpose of this paper is to answer the question 
whether an imposed constant current acting directly on the ganghon wUI 
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Fig 2 For legend see opposite page 
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cated exactly in successive beats, but tbe initial and largest waves are con- 
stant in form (over several bours, in a given preparation, from any one pair 
of electrodes) and the duration of the burst of electrical activity as well as 
the mterval between beats is constant within rather narrow lim its The elec- 
trogram of the mtact heart is probably to be considered as purely an electro- 
myogram The electrogram of the ganghomc burst (Fig 1 and 5) displays 


A 



Fig 1 Electrograms simultaneously taken from (upper record) gangbon and (low er 
record) intact surface of the heart m a preparation similar to Fig 4 Grass amplifiers and 
Westinghouse loop oscillograph Filters for upper record passmg from slow (time constant 
—0 3") to fast components Filters for lower record passing from about 2 to 50 per sec 
This upper limit is not responsible for the smooth line Its character is not changed by 
switching to high pass filters The fast activity of the gangbon does not show presumably 
because its amplitude is too small by reason of tissue shuntmg Note the "DC” component 
in the upper record — a rapid nse and slow fall of the average potential The slow component 
of the lower record has been attenuated to keep the excursions on scale 

If a mechanogram were shown its deflection would begm about 0 5 sec after the imtial 
deflection of the lower record and nse smoothly to fall after the electrogram has become 
quiet A common observ'ation, frequently more pronounced than m this record, is that the 
first indication of a heart beat is not a spike m the electroneurogram but a slow shift of the 
DC hase line (cf 6) 

the same general constancies although the form and frequency spectrum of 
the component deflections are of an entirely different order (1, 17, 18, 26, 
27, 28) 

Effects of polarization of intact heart In general, the result of passmg 
small DC currents through the heart is an immediate, sustamed, reversible 
change m frequency and character of the beat and the effect is graded with 
graded values of current passed 

The effect on frequency is the most obtoous Figure 2 shows a sample 
record and Fig 3, a plot of the heart rate agamst current passed for a 
typical expenment It wall be seen that the effect, in both directions of cur- 
rent passage, is an increase in frequency This result is uniform throughout 
the expenments No consistent and reproducible, indeed no considerable re- 
duction in frequency, has been obtained with any placement of the electrodes 
There may be slight but consistent differences between the effects of the 
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press, for the same heart may vary less than 1 per cent over many mm- 
utes or it may change as much as 10 per cent (rarely) m succeeding mm- 
utes Ordmarily the number of heats m 20 sec have been counted and 
computed as beats per mmute The "restmg” rate usually vanes m the 
course of an experiment of several hours, mcludmg some relatively dras- 
tic polarization, by not more than 10-16 per cent The frequency at a 
given current value is at least as constant as this and is ordmanly withm 
the accuracy of settmg the potentiometer 

Absolute values of current mean httle because of the difficulty of defimng 
the current density m the tissues The pomts of greatest current density are 
probably the pomts of contact of the electrodes The electrodes m these 
experiments were wicks whose diameter at the pomt of contact was two to 
three millimeters Threshold currents were usually between 60 and 150;tA. 
A frequency mcrease somewhere near proportionahty has m every case been 
reahzed between 150 and SOO^iA At some pomt between 500 and 1500juA 
the mcrease is checked, the beat becomes small, irregular and difficult to 
count and may stop But at any pomt m the experiment, even after apparent 
stoppage of the heart, mterruption of the imposed current is followed imme- 
diately (i e , withm the period of one beat) by resumption of the normal 
beat There is often a shght deficit or excess over the mitial "restmg” rate 
and a gradual recovery over a penod of mmutes (The lack of perfect re- 
versibihty m many preparations may be attributed in some cases to effects 
of the current — either fatigue or stimulation may occur, but m others it 
seems probable that a slow progressive change was takmg place mdependent 
of the polarization These effects were never great enough to overshadow 
those of imposed current and were often absent altogether ) With moderate 
currents the abrupt, mamtamed character of the effect and of its cessation 
IS marked and the virtual absence of slow adaptation or stimulation after 
both "on” and "off” is characteristic 

Simultaneous with the change m heart rate durmg polarization is a 
change m the character of the beat This may not be obvious m the mechano- 
gram but is clearly shown m the electrogram of the mtact heart Moderate 
degrees of polarization result m shght or considerable changes m relative 
size of the imtial and large waves of the electrocardiogram There is usually 
also a reduced duration of electrical activity associated with each beat 
Often a polarized heart will exhibit a wave form radically different from its 
"restmg” wave form, none of the mdividual waves of the one form bemg 
recognizable m the other until the mtermediate steps are studied The wave 
form of the polarized heart may be qmte different m the two opposite direc- 
tions of current passage, though the frequency may be the same With rela- 
tively high currents the electrocardiogram becomes smaller m amphtude, 
shorter m duration, greatly changed m form and, moreover, at a certam 
pomt, irregular The irregulanty may be only m form, so that successive 
beats are not alike, or m frequency, or both Eventually as the current is 
mcreased, all these changes accumiilate to render it impossible to count the 
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two directions of current passage m a given preparation and for a given pair 
of electrodes But the character and direction of the differences were not con- 
sistent between preparations Expenments reported in a later paragraph 
may provide an explanation of this mconstancy 

The heart m Fig 3 was accelerated more than six-fold by moderate cur- 


rents This represents an mcrease 
almost exactly proportional to cur- 
rent for the "ascendmg” polariza- 
tion, and more than proportional to 
current for the "descendmg” polari- 
zation But the acceleration possible 
and the degree of proportionahty 
vary among preparations, chiefly 
due to (i) the "restmg” or zero-cur- 
rent frequency that happens to ob- 
tam m that specimen, (u) the 
maximum frequency of which it is 
capable under the conditions of the 
experiment, (m) any fatigue or 
gradual drop m "restmg” frequency 
that is occurrmg, as well as (iv) its 
actual sensitivity to the imposed 
field In these expenments the zero- 
current frequency has vaned com- 
monly between 5 and 18 beats per 
mm , the maximum rate of beat 
of the mtact (polanzed) heart 
from 40 to 50, approximately The 
constancy of the mterval between 
beats was commonly better than 95 
per cent That of the number of 
beats per mmute is harder to ex- 



Fig 3 Relation of heart rate to current 
imposed in a typical expenment Intact ex- 
cised heart polanzed between fifth and 
seventh segments through cotton wicks rest- 
ing on surface of heart Points on curv'e ob- 
tained in succession from lower to higher cur- 
rents and curves in the order numbered 


Fig 2 (A) Electrogram of intact, excised heart under polanzation, showing change 
in frequency of beat and in wave form of initial deflections Note shorter duration of each 
bent ns well ns shorter interval between beats, during polarization Currents turned on and 
off gmdunlly (long nirows) Pickup from second segment of heart and sea water bath Im- 
posed current passed from fourth to sixth segment or vace versa, upward pointing arrows 
indicate ascending ’ current (sixth segment nnodal), downward pointing arrows descend- 
ing ’ current (sixth segment cathodal) Grass amplifier and ink waater "F ’ rafrequency of 
heart heat in cycles per minute calculated from measuring record 

(B) Another preparation samples of a continuous record, similarly obtained Note 
cfTccl of polarization on wave form and difTercnt effect of the same current passed m oppo- 
site directions AUemationof two wave forms at 500 mA 'descending ’ 

(C) Same heart as B Polarization experiment some moments later showang abrupt 

from one frequency and wave form to another Continuous record 
nlwul _0 sec omitted at ' x Two alternating wave forms at 500mA 
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of the field, that the position of the second electrode would make httle dif- 
ference, providmg it was situated where the high current density under it 
did not traverse a tissue of high sensitivity That is "ascending,” "descend- 
mg,” transverse or other axes between electrodes might be expected to have 
only shghtly different effects Further, it might be expected that much 
greater differences would be reahzed by changmg the electrode over the 
sensitive tissue from an anode to a cathode, than by keepmg it, for example, 
a cathode and movmg the anode around it 360° 

To test these matters the heart was polarized with one electrode in a 
sea water pool broadly m contact with the heart, the other ("stigmatic”) 

electrode touchmg the tissue It be- 
came immediately apparent that a 
great difference existed between 
passmg current from the stigmatic 
to the diffuse electrode and passmg 
it m the opposite direction The dif- 
ference seemed to be one of effec- 
tiveness or threshold for the same 
modifications of heart activity The 
cathode was the more effective stig- 
matic electiode At a given moder- 
ate current level the stigmatic 
cathode commonly exerted eight to 
twenty tunes as great an effect m 
percentage mcrease m frequency as 
the stigmatic anode 

The lack of effect when polanz- 
mg through the lateral or anterior 
muscle or its high threshold relative 
to the region of the ganghon was 
clearly demonstrated Shght differ- 
ences were found between different 
levels of the ganghon It is probably this kmd of difference which is shown by 
Fig 3 — ^reversmg the current is actually shiftmg the effective electrode (cath- 
ode) to a different part of the ganghon If the direction of current passage is 
reversed not by reversmg the polarity of fixed electrodes but by leavmg the 
cathode m one place and movmg the anode now anterior, now posterior, to it 
■ — or to the right or the left, close or far away, on the heart or m the sea water 
pool, no difference is found at moderate currents The position of the anode is 
uncritical, that of the cathode is very critical as regards on or off the ganghon, 
and moderately critical as to the level of the ganghon 

Polarization of ganglion and muscle separately A number of preparations 
of partial or complete separation of the ganghon from the myocardium were 
polarized m various ways It was hoped to confirm the notion that the gang- 
hon was the site of action of the imposed current and it was supposed that 



Fig 4 Diagram of the preparation with 
ganghon partially hfted off TTie excised heart 
IS carefully dissected to separate the ganghon, 
lifting it on wick electrodes, from either an- 
terior or posterior end, leavmg the other end 
attached to the heart Ganghomc discharges 
continue to excite all of the myocardium 
reached by the nerves mtact With numerous 
electrodes in place (numbers correspond to 
text references), electrograms of the ganghon 
alone, the myocardium, the mtact portion 
near one end and of regions withm each of 
these may he recorded Polarization may be 
imposed through any pair and the effects 
picked up at several pomts The heart hes 
honzontily on a glass plate m a shallow pool 
of sea waW or serum, not submerged Elec- 
trodes 5 imd 7 are m this flmd 
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beats, often paralyzmg the heart The mechanogram may be completely 
mactive and no contractions whatever visible upon close macroscopic exami- 
nation of the heart while distmct activity m the electrocardiogram is still 
present The heart is m diastole At still higher currents when the electro- 
cardiogram has ceased activity, its DC level is that of rest, not a smoothed 
out tetanic senes of spikes With somewhat lower currents while the mechan- 
ogram still follows the electrocardiogram it may lose amphtude before the 
electncal record, the contractions may become local, vanous parts of the 
heart not bemg synchronized, the mechanogram often skips beats and has 
been recorded for a long penod respondmg to every third, fourth or fifth 
beat of the electrocardiogram (It should be recalled that the electrocardio- 
gram under discussion tlnroughout this section is supposedly an electromyo- 
gram ) Commonly, at a certam high or even moderate current value, the 
succession of heart beats suddenly exhibits an alternation between two regu- 
larly recurrmg consistent wave forms One of these is usually recognizable 
as the previous sole wave form, the other bemg entirely new Often the fre- 
quency curve shows no break at this pomt but contmues to nse steadily 
(see Fig 2) Every stage m this senes is immediately reversible, the ongmal 
wave form bemg perfectly restored on cessation of polarization, even though 
many mmutes have elapsed smce that form was last exhibited Moderate 
degrees of polanzation can be mamtamed for long penods (30 mm ) with 
perfect reversibihty of wave form and only shght loss or gam m firequency 
All the effects just descnbed were obtamed by polanzmg longitudmally 
from one electrode on the mid-dorsum of the he^ to another more ante- 
riorly or postenorly The attempt was made to discover the influence of the 
location of the electrodes It was found that movmg either or both electrodes 
forward or back along the imd-dorsal hne had only a shght effect on thresh- 
old, within the segments of the heart occupied by the ganghon Movmg 
both electrodes away from the ganghon, however, for example one mto the 
first segment, the other far laterally m any segment, resulted m a large 
change in threshold, raismg it so that even currents of 500-1000 mA only 
slightly or not at all increased the heart rate The same was true if both elec- 
trodes were dipped mto sea water pools m contact with the heart, restricted 
such that the current had to pass through the heart, whether the electrodes 
were on opposite sides of the heart, right and left, or antenor and postenor 
to Its ends or in any other position The suggestion arose therefore that the 
effect of imposed currents as apphed earher was a local one dependent on the 
points on the heart touched by the electrodes, these points havmg the highest 
current density, and vanous regions of the heart being differentially ef- 
fected by the same current density If this is correct, several interesting im- 
plications would seem to follow Smce the heart tissue and the film of salt 
water on its surface are good conductors, the current density w'lil be highest 
at the point of contact of the electrode and wall rapidly fall off with distance 
therefrom, the current path widening in a cone-hke fashion This might 
moan that one has little control o\er the onentation of the effective portion 
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the dimensions of the ganghon— about those of the wick electrodes— would, 
by confining the current path, provide a more nearly constant current den- 
sity through some length of the ganghon and perhaps reveal differences be- 
tween "ascending” and "descendmg” currents distmct from the effect of 
the position of cathode or anode 

The first question was easily answered when polarization of the ganghon- 
free or near ganghon-free muscle produced no effect on heart rate or wave 
form up to currents of several milhamperes, whereas 20;iA through the 
ganghon along, or only a small portion of it, sufficed to speed up the beat of 
that same muscle by fifty per cent or more (A diagram of the preparation 
discussed m this section is given m Fig 4 ) Cuttmg across the last nervous 
connection between ganghon and myocardium, but leavmg the cut nerve m 
contact with the muscle — thus mterruptmg physiological but not electrical 
connection — obhterated the effects on the muscle But leadmg off from the 
ganghon, its discharges could be recorded and the polarization effect seen 
to be still present m them 

The problem of polarity was more difficult Under the conditions of the 
experiments it was possible to show that neither cathode nor anode was con- 
sistently more effective and that direction of current flow did not have a 
consistent effect Polanzation was effected through various combmations of 
the electrode positions shown m Fig 4 and the electrogram of the ganghon 
or /and muscle led off from other pairs not lymg m the current path Thresh- 
old currents were between 5 and 12 mA, marked acceleration occuning at 
20 ijA and many preparations exhibitmg the signs of high current described 
above, at 30 or 40iiA AH the phenomena described for the electrogram of 
the mtact heart were demonstrable m the high frequency ganghomc bursts 
as well Consistency of major features of wave form, alternation of two 
definite wave forms at high currents, shorter bursts at higher frequencies, 
and the abrupt, reversible character of the effect are some of these (Fig 5) 
When the polanzmg electrodes were any two of electrodes 1-4 (Fig. 4), 
thus both on the ganghon, there was, m some cases, a difference m the fre- 
quency at a given current level when the polarity was reversed This, of 
course, may be due to the different position of a more effective electrode as 
in the mtact heart or to the direction of current flow through some cntical 
region of the ganghon But in most cases there was no appreciable difference 
When one electrode was in the circumambient sea water (5, Fig 4) and the 
other was on the ganglion (1, 2, 3 or 4, Fig, 4) the small currents necessary 
to effect the lifted portion of the ganghon were far below the threshold for 
any ganglionic tissue still on the heart, or for the myocardium. The results 
of polarizing in this way were distnbuted among all the possible results In 
some cases there was a greater effect when the electrode on the ganghon was 
the anode, in some cases when it was the cathode, in the rest there was no 
significant difference in effect when the current was reversed As with the 
intact heart, such differences as were found were in threshold and degree of 
acceleration, a re\ersal of effect, i e, deceleration, was never encountered 
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pacemakers exist m different parts of the ganghon, presumably with different 
anatomical orientations, it is qmte conceivable that any.deceleratmg effect 
of a given DC field would be exerted only on certain cells and would be 
masked by the acceleratmg effect of the same field on other cells, which 
would then take over the pacemakmg function Thus a new pattern of cells 
would imtiate the heart beat and this may account for the difference m 
wave form of the electrocardiogram durmg polarization and for the differ- 
ence m wave form at the same frequency with opposite current polarities 

Summary 

1 The isolated heart and cardiac ganghon of Limulus has been used as 
a test of the hypothesis that the frequency of firing of nerve cell bodies 
depends upon the DC electrical field m which they he 

2 It IS shown that a direct current passed through the mtact heart 
results m an abrupt, sustamed, reversible mcrease m frequency of heart beat 
and m changes m wave form of the electrogram 

3 The effect apparently is exerted locally, at the pomt of contact of the 
electrodes and the tissue, where the current density is highest It is usually 
confined to the cathode m preparations of the mtact heairt The anode and 
the gross onentation of the field appear to be uncritical In preparations of 
the isolated or partially isolated ganghon the cathode was not consistently 
more effective 

4 The effect has been obtamed only m the direction of an mcrease m 
the normal frequency A possible explanation of this is offered 

6 It is concluded from the abrupt non-adaptmg, non-accumulatmg and 
promptly reversible character of the effect, that it is a direct effect of the 
DC field 

6 The site of action is apparently the ganghon, more specifically the 
region of the pace-makmg cell bodies 
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Discussion 

It seems probable from the evidence presented that the effect of an im- 
posed direct current is a direct result of the electncal field itseh The abrupt 
character of the change m heart activity at "on” and "oflP’ as weU as the 
steady (non-adaptmg and non-accumulatmg), character of the effect during 
current passage argue against an mdirect result of such factors as tempera- 
ture nse, or products of electrolysis Whatever the mechanism, it is one which 
comes to equihbnum withm a fraction of a second Furthermore it may be 
characterized as mcreasmg up to a certam pomt directly with the current, ap- 
parently a function of current density, i e , field mtensity It can act locally, 
altenng the activity of the whole heart by actmg on a few cells And it 
apparently does not alter the mtrmsic electncal field or any other property 
that cannot return to its ongmal state in a fraction of a second 

The site of action seems to be the ganghon and apparently may be some 
cntical pomt m the ganghon Any possible changes m penpheral nerve or 
muscle do not seem to enter mto the effect as measured m these experiments 
There remam the questions why no consistent relation to gross ana- 
tomical onentation is evident and why the effect is obtamable m only one 
direction, i e , mcreased frequency Tlie evidence from the present expen- 
ments does not afford an answer but it may be that there are consistent 
relations with the microscopic anatomy of the ganghon The histology is in- 
sufficiently known but it seems more than probable that the nerve cells are 
onented m all directions If this is so and the actual effect of the DC field is 
determined by its onentation m relation to the polanty of mdividual cells 
then one might expect no consistent relation to gross anatomy Moreover, 
smce it IS evident that the pacemaker of the entire heart may be qmte 
locabzed — perhaps one cell — and that it may shift, that is, many potential 


Fig 6 Electrograms of the ganglion of a preparation sunilar to Fig 4 Grass amplifier 
and ink \vntcr The fast components of each burst of activity are not recorded faithfully by 
the ink writer (see Fig 1) but the time relations and slow components are, down to about 
2 per sec Electrode numbers correspond to those of Fig 4 

(A) Polarizing between electrodes 3 and 4, pickup 1 to 2 Current made and broken 
abruptly First two lines consecutive, 80 sec omitted between lines 2 and 3, 70 sec between 
lines 3 and 4 Note abrupt maintained change in frequency and duration of bursts at make 
and break of currents 

(B) Same prcpamtion, polanrmg between electrodes 4 and 5 so that a short segment 
of ganghon becomes alternately anodal and cathodal with respect to a diffuse electrode, as 
current is reversed First two lines consecutive, last two lines consecutive, 2', 40" omitted 
between lines 2 and 3 

to Same preparation, polarizing between electrodes 1 and 2, pickup 4 to 5, showing 
alternation of two types of burst Two lines consecutive Calibration as in B 

(D) Same ns C Three lines consecutive Altemilion at 25 mA appears to double the 
frequency simply by adding a new (simple, shorter) burst midway between existing ones 
hut at 12 sA, overall frequency still higher than normal, the bursts are still evenly spaced' 
thus the ’ original or any one, wave form is actually slower than normal The frequency 
delirmining meclmnLsms must control the ovemll frequency rather than simply adding 
I xtrn lieats or starting a new independent pacemaker 
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substituted by a fine thread of cotton soaked in sabne, it was clearly a potential ongmating 
at the electrode-drug hquid junction Such potentials and also the electrode polarization 
could be minimized by the use of silver-silver chloride electrodes making contact over 
about 1 mm fibre length by a fine thread of cotton wool soaked in Ringer (27) Sometimes 
the greater part of the applied drug soaked into the cotton wool wick and a variable 
dilution came into contact with the muscle fibre Usually, however, the drop could be 
appbed and kept under the hook while the recording was done Apphcation of such a drop 
effectively broadens the contact area of the recording electrode to about 2 mm Thus the 
contact IS not very well defined and it is not possible to restrict recordmg accurately to 
such a very small area as the endplate Estimation of the actual size of potentials at such 
small regions can be made by comparison with the sharply localized m- 
terface leading (26, 26) 

Photographic records were taken on a slow falhng-plate camera or 
by usmg a thyratron time base 

(ii) When long lasting potential changes after drug apphcation 
were measured, the foUowmg method was employed in isolated nerve- 
muscle fibres and in the whole sartonus The test solution was put into a 
small glass dish, which in its turn was placed in a bath of parafiin oil 
The muscle was held by two forceps in a vertical position, while still m 
paraffin, and was lowered into the dish underneath contammg the test 
solution Thus the muscle could be immersed to a required degree, while 
one electrode was kept on the muscle in parafiin, the other bemg in the 
drug-sahne solution This latter electrode would record changes caused 
by the drug action at the eahne-parafiin mterface The potential which 
developed was recorded by non-polanzable silver-silver chlonde elec- 
trodes (as above) and could be b^anced by addition of a constant po- 
tential to the recordmg circuit When m the balanced condition a 
shortcircuitmg key was placed across the input and then opened, no 

© deflection resulted A constant potential input of 60 mV showed no 
appreciable alteration durmg 30 to 40 min contmuous apphcation mto 
the recording circuit Hence, electrode polarization would not seriously 
distort the potential readmgs 

The above method was also suitable for the investigation of poten- 
tials along the normal fibre, especially around the nerve entry But usu- 
ally the whole nerve-muscle fibre was lifted into parafiin while one elec- 
trode remamed at one end of the muscle fibre and the other was moved 
to different positions In the early experiments potential changes were 
found, but these were due to alterations m grid current in the mput 
stage which varied inversely with the preparation resistance, as the 
interelectrode distance was altered This was ehmmated by the use of a 
preamplifier of high mput impedance For the denervation experiments 
the sciatic was cut about 1 cm above the thigh and the frogs were kept 
from 2 to 11 weeks at room temperature (16— 20°C ) and were fed twice 
a week by insertion of meat, usually liver, into their mouths Successful 
dissection of smgle muscle fibres was more difficult as injury due to 
mampulation seemed to occur more frequently and fibres did not recover 
as readily after treatment with the various drugs 

In the single fibre preparations from denervated muscle the location 
of the endplates could not be discerned under the microscope In the 
normal muscle, however, the endplate free regions can be established 
with reasonable certamty during the dissection Usually all the fine nerve 
branches are well visible under smtable illumination and generally they 
innervate bundles of muscle fibres over a small circumscribed area (cf 
multiple innervation in isolated muscle fibre preparations 27) 

Altogether 65 preparations were successfully experimented on dur- 
mg the present mvestigation, 28 were dissected nerve muscle fibre preparations Sometimes 
the latter were used on 2 successive days and were kept over mght in Ringer at a tempera- 
ture of 10-16 °C Acetylchohne B D H was used m aU experiments The different KCl con- 
centrations were obtamed by ddutmg in Rmger KCl solution isoosmotic with it One per 
cent pure mcotme and one per cent caffeme stock solutions were employed 


Fig 1 Di- 
agram illus- 
tratmg local 
apphcation of 
drugs to an iso- 
lated muscle fi- 
bre M (trans- 
verse section) 
G, glass rod 
terminatmg m 
a fine hook 
Shaded area 
shows droplet 
of the drug 
which IS 

brought into 
contact ivith 
the muscle fi- 
bre by lowermg 
the glass rod 
(arrow) 
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Inteoduction 

Specific properties of the endplate region have been described by Langley 
(28) who showed that small concentrations of mcotme excited muscles 
around the nerve entry, while much higher concentrations were required 
for a similar effect on other regions The 'Teceptive substance” was regarded 
as possessmg different properties from nerve and muscle Lucas (30) found 
a distmct electric excitabdity of the neural region m the frog’s sartorius — 
the j3 excitabdity — but this could not be shown by other mvestigators (33) 
In a senes of experiments m normal and chromcally denervated muscle, 
drugs were apphed to the 'nervous’ and nerve-free regions of the whole 
sartonus and to the endplate and other parts of smgle nerve-muscle fibre 
preparations (25), whde the potential changes at the place of apphcation 
w’ere recorded It seemed of special mterest to mvestigate the effects of 
acetylchohne and potassium besides other substances as mcotine and caf- 
feine 

Some authors (11, 12) found longitudmal potential gradients in restmg 
muscle fibres and also potentials localized at the end-plate region Speaal 
properties of the endplate itself could be found m the present mvestigation 
but with the techmque employed, no appreciable longitudmal potential 
gradients were detected m urunjured restmg muscle fibres, either localized 
around the endplate regions or on other parts of the muscle 

METHOD 

FroRs sartonus or isolated nerse-muscle fibre preparations from the M adductor 
lonpus of the Australian Hi la aurca were used The potential changes were recorded with 
a rcsistnncc-cnpacily coupled amplifier, the response usually falling to one half in about 
2 0 sec occasionally 5 0 sec when large coupling condensers ■were used Although the po- 
tential changes after local application of drugs (Section II A, 1) lasted for se\eral seconds 
only tho=e taking place dunng 0 2-0 5 sec after apphcation are discussed here 

Technique of drug application (it The single nerve-muscle fibre preparation was hfted 
into pamfrin while two electrodes made contact wnth it One electrode was usually on the 
ind of the muscle fibre while the other could be moved to different positions wath the help 
of a micro adjustment By means of a small glass hook containing less than 0 3^1 of solu- 
tion drugs were applied under direct microscopic observation (Fig 1) WTien the recording 
Was done from the region of application the drugs were put on the tip of one recording 
tlectiodi in Lontncl wath the muscle The small drop could be held there in position by 
the glass book When platinum electrodes were used, the application of ACh or KCi pro- 
duced an initial positive potential Since this also occurred when the muscle fibre was 
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well with Buchthal and Lindhard’s (13) findings on hzard’s motor endp’ates 
Other drugs, as mcotine, KCl and with some exceptions caffeme, which 
sometimes failed to set up impulses, showed the same selective excitatory 
action at the endplate region Figure 2Aa illustrates a tram of impulses set 
up after apphcation of 10“® ACh to a motor endplate of an isolated smgle 
muscle fibre An mitial negativity of the endplate is observed to lead up to 
the ongm of the first spike, and each successive spike seems to be imtiated 
agam by a similar potential which is built up agam after the refractory 

penod of the precedmg im- 
pulse If the same or even a 
much higher concentration of 
ACh IS apphed to a spot a few 
mm from the endplate, prac- 
tically no potential is recorded 
from the region of apphcation 
A critical depolarization of 
the muscle membrane by the 
endplate potential (e p p ) (18, 
25) or by an apphed constant 
pulse (27) IS known to set up 
muscle impulses It is safe to 
assume that a similarly cntical 
depolarization takes place here 
after apphcation of ACh or the 
other drugs (see discussion) 
This view IS further supported 
by the effect of subthreshold 
concentrations as seen m Fig 
2Ab There a slow negative 
potential only is set up With 
mcrease of concentrations 
larger potentials are set up 
until at a cntical value a spike 
arises at the height of the po- 
tential The depolanzmg ac- 
tion of the drugs does not 
cease after the impulses have been set up, but decays slowly over many 
seconds as can be shown by recordmg with an amplifier of a long time 
constant This is presumably due to the slow dissipation of the drug action 
With concentrations near threshold frequently small monophasic poten- 
tials (abortive impulses) have been recorded at the endplate region (Fig 
2Bc) A shghtly higher concentration sets up a propagated impulse and fol- 
lowmg it IS a small potential similar to that seen above (Pig 2Ba) Such 
local responses can be set up m isolated normal muscle fibres by electric 
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Fig 2 Local application of acetylchohne to 
the endplate region of a single nerve-muscle fibre 
preparation Recording is done from the pomt of 
apphcation A a, 10~* ACh sets up four propagat- 
ing muscle impulses b, a weaker concentaation 
of ACh produces a local negative potential only 
B, c 10“* ACh sets up a local response at the 
height of depolarization, a, after a stronger con- 
centration of ACh a spike is imtaated and follow- 
mg it IS a similar local response as above b, sahne 
apphcation. Tune scale 1 d v = 10 msec (see 
text) 
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RESULTS 

I IIEASUREMENTS OF POTENTIAl- DIFFERENCES ALONG MUSCLE FIBRES 

In 10 Single nerve-muscle fibre preparations careful measurements of 
potential differences were made between various pomts on the surface of 
umnjured muscle fibres The innervation of the muscle fibre was preserved 
and the endplate was clearly seen The location of other endmgs on the same 
muscle fibre could be estabbshed m most preparations (cf above). The 
condition of the preparation was checked frequently by recording at different 
positions the muscle action potentials set up by nerve stimiilation. The 
action potential size varied m different preparations and was generally be- 
tween 50-100 mV, dependmg on the shuntmg effect of tissue rests along 
the fibre At the end of the experiments the muscle was usually mjured by 
crushmg or by KCl apphcation and Testmg potentials’ were recorded These 
were smaller than the spikes m single fibre preparations In all preparations 
random potential differences of 1-2 mV were observed between different 
parts on the umnjured muscle fibre In 3 experiments potential differences 
as high as 4-5 mV were recorded but m each case these potentials were not 
relat^ to the known endplate All these preparations rmght have had shght 
injuries, but they contmued to contract normally for 1-2 hours after the 
potential measurements were taken 

In 5 expenments the measurements were repeated about 12 hours after 
the muscle fibres had been 'kiUed’, m these the protoplasm was 'broken up’ 
and, as expected, no potentials at all could be detected 

In frog’s sartonus the endplates are usually located m foci several milli- 
meters ftom the nerve entry (24) There, potentials around the endplate 
region — if present — should be recorded However, m 20 preparations in 
which subsequently potentials due to drug apphcation (Section II) were 
measured, no potential differences around the endplates were foimd imder 
resting physiological conditions Thus large potential differences along the 
surface of muscle fibres especially between the endplate and the surroundmg 
muscle as found by Buchthal and Lindhard and also others (cf, monograph 
1939) could not be detected m frog’s muscle (but see discussion) 

II A NORMAL MUSCLE 

(1) Local application of drugs and recording from nerve muscle fibre 
preparations VTien ACh is applied to the endplates directly (13) or mjected 
into the circulation (9, 5), it has a powerful stimuJatmg action on muscle 
fibres Application to the surface of the sartonus sets up a tram of impulses, 
the threshold concentration being at least 10 tunes higher at the pelvic 
end than elsewhere along the muscle (19) The stimulating action of ACh 
at the endplates was readily confirmed in the isolated neiw^e muscle fibre 
preparations, but no impulses at all could be set up at other regions Even 
1000 times the threshold concentration at the endplate failed to produce 
more than a small local contracture at an endplate-free region This agrees 
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tions the size of the spikes, set up by nerve stimulation, was frequently 
recorded When the whole muscle fibre was immersed mto 0 22 per cent KCl 
nerve stimulation became meffective after 1 or 2 mm After hftmg part of 
the preparation, compnsmg the nerve-muscle junction, mto normal sahne, 
the gradual recovery could be observed under the microscope Nerve stimu- 
lation IS followed first by a local contraction around the junctional region, 
then the contraction may gradually spread along the rest of the fibre which 
IS not immersed, while the part m KCl does not contract This shows that 
the process of neuromuscular transmission recovers before the muscle is 
able to conduct impulses It also suggests that abohtion of mdirect exot- 
abdity after KCl apphcation was primarily due to the effects of potassium 
on the muscle fibre itself and not on the process of neuromuscular trans- 
mission 

A dose of curarme which blocked neuromuscular transnussion dimini shed 
the sensitivity of the endplate at least 10 to 100 times to ACh, mcotme and 
caffeme Sometimes no impulses at all could be imtiated and doses such as 
10“^ ACh set up only local contractures when apphed to the endplate region 
Usually the sensitivity could be restored after soakmg the preparation m 
normal sahne The threshold concentration of KCl was frequently mcreased 
by curarme but to a much smaller degree than with the other dimgs 

Two sartonus preparations were isolated together with the ventral roots 
Stimulation of the ventral roots resulted in full contraction of the muscle 
and a normal action potential could be recorded from it Durmg apphcation 
to the endplates of ACh, KCl and mcotme m concentrations well above 
threshold for settmg up repetitive responses, no potentials could be recorded 
from the ventral roots It can be concluded therefore, that the motor nerve 
endmgs of frog’s muscle are not excited by these drugs In cats, however, 
nerve discharges foUowmg miection of ACh were found by Masland and 
Wigton (31) 

(2) Change of "resting potential” during drug application It seemed of 
mterest to record changes caused by long lastmg apphcation of drugs to dif- 
ferent parts of the whole sartonus or to smgle muscle fibres The preparation, 
set up vertically, was lowered to a required degree mto the test solution 
All the potential changes thus measured are caused by the depolanzmg 
action of the drugs on the muscle membrane and are relative to the lead on 
the 'normal’ muscle part m paraffin (cf Method) At different mtervals 
after immersmg part of the muscle mto the test solution changes m potential 
are measured 

No appreciable potential, (less than 1 mV) appeared when the endplate- 
free part of a nerve muscle fibre preparation was lowered mto a threshold 
concentration of ACh for 10—16 mm (Threshold concentration of a drug 
was the concentration which set up impulses at the endplate when apphed 
locally by a fine glass-hook ) However, when the endplate reached the test 
solution, a tram of impulses was set up and a potential of several milli volts 
lastmg for at least 10 mm could be recorded at this spot When a muscle 
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stimulation or in relatively refractory muscle by a nerve impulse (26, 27) 
Immediately after a spike (Fig 2A) the potential returns to the ongm^ 
base hne only and the negativity is then built up agam This seems to be 
analogous to the ’collapse’ of the endplate potential, or of an apphed cate- 
lectrotomc potential, during the muscle spike and to its rebuildmg after the 
refractonness has passed off (18, 27) 

When a tram of impulses is set up at the endplate as m Fig 2A, 3c, and 


Fig 3 Potentials 
recorded from nerve- 
muscle fibre prepara- 
tion c, acetylcholine ap- 
phed to endplate while 
the recording is done 
from point of applica- 
tion (as fig 1, but faster 
sweep) a, impulses ini- 
tiated at endplate are re- 
corded 5-6 mm away 
from It Note the a^ 
sence of a negative po- 
tential preceding or 
foUowng the spikes b, 
base hne 



the recordmg is done a few mm away from the pomt of apphcation, no 
negative potential precedes or follows the spikes (Fig 3a), only ’simple’ 
propagatmg muscle impulses are recorded and they are identical whether 
set up by nert'e stimulation, electncal stimulation or drug apphcation 
Tlueshold concentrations vaned considerably with aU the drugs, prob- 
ably dependmg on the condition of the mdmdu^ fibre and on the accuracy 
of application to the endplate ACh and mcotme thresholds were at about 
10-‘ while the caffeine threshold was mostly 10 tunes lower 0 22-0 45 per 
cent KCl diluted m Ringer from an isotoxuc stock solution gave usu^y 
threshold excitation At times no propagated impulses could be set up by 
local caffeine application, and with high concentrations (10~’) only contrac- 
ture around the endplate region resulted After each apphcation the fibres 
were "washed” by applying drops of Ringer which could later be removed 
by a small pipette But c\en so, after several apphcations of the drugs, fre- 
quently no further impulses could be set up After lowering the preparations 
into saline the fibres usually recovered in a few’ mmutes Between apphca- 
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test solution and the developing potential was measured again Esenne had 
little or no effect on the nicotine and caffeme potentials 

In view of the selective excitatory action of KCl on the endplate, a dif- 
ference in its depolarizmg effect on the nervous part or pelvic part of the 
sartonus might be suspected Two methods were employed m this mvestiga- 
tion (a) The muscles were immersed mto different concentrations (0 22, 
0 45 and 0 89 per cent) of KCl, the pelvic end first and then the nervous 
part while the development of the depolarization potential was plotted 
Thus Fig 4B shows the potential developed at the pelvic end (full circles) 
and at the "nervous” part (crosses) after immersion mto 0 22 per cent of 
KCl The differences do not seem significant (b) The pelvic 2-3 mm and 
6-6 mm of the tibial end were lowered simultaneously into two separate 
small dishes contammg the same concentration of KCl, mto these ipped 
the two recordmg electrodes The two small dishes were m a big dish con- 
tammg paraffin and were bridged by the rmddle of the sartonus, held up 
m the paraffin by two glass-hooks Potential differences of a few miihvolte 
were sometimes found over the first 10 mm but they usually disappeared 
after 20 mm Curanne did not alter the potentials m any way comparable 
with its stnkmg effect on the other drugs 

B CHKONICAIXY DENERVATED MUSCLE 

After about two weeks the sensitivity of denervated muscle is consider- 
ably mcreased not only to ACh (6, 10), but also to mcotme and caffeme 
apphcation The KCl sensitivity, however, is not appreciably mcreased if 
compared with that of the not denervated leg of the frog After denervation 
from 7 weeks upwards concentrataons of the drugs as low as lO^i" or 10~“ 
set up impulses at the endplate regions and even a shght mechamcal stimu- 
lus can mitiate bursts of impulses m such a denervated sartonus The muscle 
IS practically on the verge of the spontaneous activity which was recently 
observed by Reid (32) 

The isolated muscle fibre preparation gave a good opportumty for testmg 
the sensitivity of the endplate-free regions m denervated muscle No end- 
plates can be observed m such preparations and therefore the whole length 
of the muscle fibre had to be tested With some parts of the fibre the thresh- 
old concentration to set up impulses was 100 to 1000 times higher than with 
other parts It seems safe to assume that these less excitable regions of 
muscle fibres are endplate-free regions This is strongly supported by the 
mvanably lower excitabdity at the pelvic end of the denervated sartonus 
For example, m some mstEmces the ACh sensitivity was mcreased on the 
'nervous’ part of the muscle to 10~‘‘ as compared with 10~' on the normal 
side With careful apphcation to the pelvic 1-2 mm of the muscle m some of 
these expenments the threshold concentration was 10“' or 10“® Differences 
m sensitivity even to mechamcal stimulation with a small glass rod or 
platmum loop were qmte marked between the pelvic end and the rest of the 
sartonus especially after denervation of more ^an 7-8 weeks 
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fibre was lowered into 0 22 or 0 45 per cent KCl soIutioB an nnnaediate po- 
tential change was caused and became constant in 2—3 mm This occurred 
wherever KCl surrounded the fibre No difference between endplate and 
endplate free parts was noticed Whenever this potential exceeded a few 
milhvolts, the propagating spike was diminished or abohshed altogether (cf 
Birmlnr findings m sqmd giant axons where true resting potentials across the 
membrane could be measured, [16]) 

Also m the whole sartonus preparation the depolarizing action of ACh, 
mcotme, and usually caf- 
feme could be well demon- 
strated When the pelvic 
2-3 mm of the muscle was 
lowered mto the test solu- 
tion of just threshold con- 
centration, no potential 
developed there, and no 
contraction at aU was no- 
ticed With further immer- 
sion of the muscle, however, 
fibrillation was set up and 
persisted for several seconds 
At the same tune a potential 
developed, reachmg about 
8-10 mV m 15 mm (cf Pig 
4a) Sometimes thispotenbal 
was very small (1-2 mV) and 
it always vaned at different 
spots on the muscle Muscles m which a threshold concentration of ACh 
caused a very small depolanzation were sometimes immersed mto an ACh so- 
lution of 10"’ concentration 10-20 mV could then be found at the nervous 
part while httle (1-2 mV) or no potential was recorded at the pelvic end The 
small size or absence of potentials at the pelvic end and the varymg size on the 
nervous part strongly suggests a dependence on endplate foci along the 
muscle This was further confirmed by the action of curanne, diminishing or 
even abolishing these depolanzation potentials to all the drugs except KCl 
Such an opposing action of curarme to ACh depolanzation m muscle has 
been described by Cowan (15) and the curanne-nicotme antagonism is well- 
knovTi since Langley’s ex^ienments (28) 

The effect of esenne in potentiating the local negative potentials set up 
by ACh was sinking in some expenments, but very small or eien absent in 
others Part of the preparation vas lowered into ACh (10~- or 10-') for 10-15 
mm , then the muscle was w'ashed with Ringer until the potential at the 
ner\ ous part of the muscle disappeared After placmg the preparation into 
10 * csenne-Ringer for 1 hour the muscle was lowered into an esenne-ACh 



Fig 4 Depolarization of the whole isolated sar- 
tonus A After immersing the 'nerv'ous’ part mto 10 
ACh (When the pehoc end alone is lowered mto ACh 
no potential develops ) B Muscle lowered mto 0 22 
per cent potassium Full circles depolarization at the 
pelvic end Crosses depolarization at the 'nervous’ 
part 



108 


STEPHEN W KUFFLER 


similar to the depolarization caused by the 'transmitter action’ after nerve 
stimulation (25, 27) In the present investigation the recording electrodes 
made contact with the big area and this would certainly diminish the size 
of the potential recorded from the endplate region 

The failure of KCl to set up impulses at the endplate-free regions of 
muscle IS somewhat surpnsmg as it depolarizes the muscle membrane 
similarly at all pomts and would be expected to have the same effect as on 
nerve, for mstance on crab nerve (22) Also veratrme resembles potassium 
m that equally strong after-potentials appeared on the 'nervous’ and pelvic 
part of locally veratrmized muscle, though most of the repetitive after dis- 
charges ongmated from the innervated part (Katz, impubhshed observa- 
tions) The above results could possibly be explamed if the rate of depolariza- 
tion by potassium is actually slower off the endplate, but the difference 
might not be recorded on account of diffuse leadmg An additional excitation 
might occur at the endplate by hberation of ACh by potassium, just as is 
observed m the supenor cervical ganghon (21, 8) 

A selective effect of ACh m mitiatmg the discharge of impulses from the 
endplate could be expected from the experiments of various authors (9, 5, 6, 
13) (for an extensive review see Brown, 7) Such an excitabihty could be well 
explamed by the specific depolanzmg action as found m the present experi- 
ments This might also apply to ganghon cells which respond to much lower 
concentrations of ACh than preganghomc or postganglionic fibres (4) Ac- 
commodation, however, seems much quicker m muscle than m ganghon 
cells These latter contmue to discharge for many mmutes provided the ACh 
concentration of the perfusion fluid is mamtamed (4) In muscle only a few 
bursts of impulses are set up if the endplate region is immersed mto a bath 
of threshold concentration of ACh 

The mitiation of slow waves by caffeme m frog’s bram (28) imght also 
be due to a selective depolanzmg action of this drug 

It IS not possible to deterrmne whether impulses can be set up by apphca- 
tion of drugs at endplate-free regions of denervated muscle In some isolated 
fibre preparations the muscle seemed excitable everywhere, but one cannot 
exclude the spread of the drug to an endplate near ^e pomt of apphcation 
It also can not be established where the endplates are and how many there 
are on a denervated muscle fibre preparation The evidence from the whole 
normal or denervated sartonus supports the view that no impulses are set 
up at the endplate-free regions Those apparently ansmg there are probably 
due to the spread of the drug to some endplates nearby If impulses were set 
up at the pelvic end of the muscle an appreciable depolarization of the mem- 
brane should appear there This could not be observed after ACh, mcotme 
rmd caffeme had been apphed to the pelvic end of the sartonus The out- 
standmg change m the muscle followmg denervation seems to be the greatly 
mcreased excitabfiity of the endplates This is of mterest, as it suggests 
strongly that spontaneous fibrillation is entirely due to impulses ansmg at 
the most excitable part of the muscle, that is at the endplate 
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As m normal muscle, practically no depolarization occurs at the pelvic 
end of the whole sartonus if immersed mto concentrations of ACh, mcotme 
or caffeme 10 to 100 times above threshold, while with a just threshold con- 
centration a potential develops at the hiervous’ part of the muscle A para- 
Ijdic dose of curarme diminishes the depolarization and also raises the thresh- 
old at which locally apphed drugs set up impulses Agam, the KCl threshold 
IS not appreciably affected by curarme 

These findmgs show that the difference m the depolanzmg action of drugs 
on the endplates and the rest of the muscle also persists m chromcally de- 
nervated muscle 

DISCUSSION 

Chemical depolarization of membranes has been frequently observed 
The depolanzmg action of potassium on the muscle membrane is well 
known and a powerful effect of acetylcholme (ACh) in reducmg mjury po- 
tentials has been shown by Cowan (15) When diluted alcohol or veratrme 
are apphed to crab nerve the membrane becomes depolarized and a tram 
of impulses is set up (1, 2) A similar stunulatmg effect is caused by potas- 
sium apphcation (22) 

At the endplate region a local potential can be produced by drug apphca- 
tion (Fig 2Ab) and may reach a cntical value and then set up either local 
(Fig 2Bc) or propagated responses (Fig 2 and 3) The same sequence of 
events, as above, can be seen ^ter apphcation of a catelectro-tomc potential, 
produced by constant current pulses, to isolated muscle fibres (27) Further, 
subthreshold depolanzation and local responses can be set up by the end- 
plate potential in curanzed and refractoiy muscle (20, 25, 26) Thus the 
excitatory action of drugs is similar to an apphed current pulse and to the 
'transmitter action’ underlymg the endplate potential It seems clear from 
the present experiments that depolarization of the muscle membrane is 
caused by certam drugs at the pomt of apphcation 

The specific excitatory action of ACh, mcotme and caffeme at the end- 
plate IS well in line with the selective depolanzmg effect at that region It 
shows that the endplate is a speciahzed part m the nerve-muscle system 
and has a different chemical excitabihty from nerve or muscle Distinct 
membrane properties of the endplate region which may account for this dif- 
ferent excitability have not yet been found Electncally a speaal exatabihty, 
as Lucas’s d excitability could not be shown on the w’hole muscle (33) The 
fact, however, that the d excitabihty can be reduced or abohshed bj' curarme 
IS very suggestive that Lucas w as stimulating the endplate region, as neither 
muscle or nerve is appreciably affected by curarme When depolanzation 
18 caused by application of drugs, impulses are set up at the endplate region 
at a cntical threshold level, in agreement wath other excitable membranes 
(23) The height of the depolarization potential was in the present experi- 
ments between 20 and 40 per cent of the subsequent spikes It is possible 
t lat at (ho endplate itself the membrane becomes completely depolarized 
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Du Boia-Reymond (17) and others state that no potential differences 
exist between two uninjured parts of a muscle (cf for extensive discussion 
Biedennann, 3) A potential difference is observed only when the muscle 
fibres are cut, crushed or otherwise mjured However, potential differences 
have been found between different parts of the muscle surface m frog, m- 
creasmg when the recordmg electrodes were moved further apart (11) 
Buchthal and Lmdhard (12) have also found that m lizards a potential 
normally exists between the endplate and the adjacent region of the muscle 
fibre The endplate was either positive or negative relative to the fibre and 
sometimes very great potential differences were found (cf 14) In the 
present experiments these large potential differences could not be found m 
frog's muscle It is difficult however, to exclude small potential differences 
with the presently employed fluid electrodes, because potentials confined to 
the small area of the endplate itself (0 1-0 2 mm ) may not be recorded unless 
a very well defined contact with that area is made 

SuivOIAIlY 

Properties of the endplate and endplate-free regions were investigated m 
smgle nerve-muscle fibre preparations of the M adductor longus and m 
isolated sartonus muscles of Austrahan frogs {Hyla aurea) 

1 Acetylchohne, mcotme and caffeme set up impulses by depolanzmg 
the muscle membrane at the endplate region None of the drugs appreciably 
depolanzes endplate-free parts of muscle, or sets up impulses there 

2 Potassium initiates impulses at the endplate region only, but no stnk- 
mg difference could be detected between the depolanzmg action at or off 
the endplate 

3 Curarme opposes the depolanzation and excitation caused by the 
drugs, except potassium 

4 The sensitivity at the endplates to acetylchohne, mcotme and caffeme 
m chronically denervated muscles (3-11 weeks) is mcreased from 1,000 to 
100,000 tunes and is diminished by curarme The selective depolarization of 
the endplate region and the lack of depolanzation at the endplate-free re- 
gions pertains also to denervated muscle 

5 No appreciable potential differences are found in normal unmjured 
muscle along the outside of isolated fibres No evidence was obtained of po- 
tential gradients around the neuromuscular junction 
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test two-neuron-arc reflex a small filament of the L7 or SI dorsal rool 
segregated for conditiomng stimulation The size of the selected fila 
was such that a maximal volley evoked within it would not secure a 
neuron-arc reflex discharge withm the motoneuron pool to be tested 
inhibition the whole, or some fraction, of the L6 dorsal root was stimu 
to secure the 'inhibitory’ volley (cf 8) 

The discharge of motoneurons Between the size of a dorsal root 
S 3 maptic) volley and the size of the discharge evoked from motoneuroi 



Fig 1 Dorsal 
ventral root reflex j 
ration The size c 
two-neuron-arc (21 
flex discharge is pi 
agamst the size o 
aflerent volley ev 
the reflex Inset 
initial portions of si 
curves from othe: 
perrments to illui 
the variation in oni 
the reflex discharge 
one experiment tc 
other The curves 
constructed from o 
vations such as ■ 
recorded m Fig 2 
description m text 


the direct action of that volley, a defimte relation holds The relatio 
found to follow a sigmoid curve As may be seen m the experiment plol 
m Fig 1, the reflex volley begins to appear only after the dorsal root s] 
potential has reached 7-8 per cent of its maximum The mset of Fig 1 il 
trates the variation encountered from one experiment to another One 
discharge zone is secured withm the segmental pool the size of the re 
postaynaptic volley mcreases rapidly and apparently hnearly with mcreas 
the pres 3 maptic volley until the latter volley is approximately 50 per c 
maximal The reflex volley is then from 90-05 per cent complete Bearm] 
mmd the relationship between spike height, fiber size and conduction i 
(5) it 16 evident that stimulation of considerably less than one half of 
fibers contnbutmg to the mitial spike potential of the dorsal root secu 
very nearly the maximum attamable two-neuron-arc postsynaptic voll 
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The segmental reflex discharge obtained by smgle shock stimulation of a 
dorsal root while recording from the ventral root of the same segment dis- 
plays a promment mitial peak, which is transmitted through arcs of two 
neurons, followed by an irregular discharge elevation of some 10 msec dura- 
tion, all of which IS presumed to represent discharges mediated through more 
complex arcs mvolvmg mtemeurons (7, 9, 11) No concerted effort has been 
made to relate the type of reflex discharge obtamed to the size (i e the fiber 
spectrum) of the dorsal root volley employed, although considerable informa- 
tion IS at hand concemmg the fiber sizes and conduction rates of the various 
afferent fibers entering into the constitution of the nerves and dorsal roots 
(3-6, 10, 13) The experiments presented here have as then* aim, therefore, 
the correlation of the central effect of an afferent volley, m terms of reflex 
discharge, facilitation and inhibition, with the fiber size range and penpheral 
ongin of that afferent volley 

The afferent fibers mvolved m the present experiments are those which 
contribute to the first spike elevation m the dorsal root This elevation is 
impressed upon the recordmg system essentially by the A fibers of the dorsal 
root exclusive of those belongmg to the delta sub-group The action of the 
delta fibers has not been considered m the present experiments It should be 
noted however that the addition of delta fibers to the already active fibers 
of faster conduction and larger diameter, contributes immeasurably to the 
occurrence of afterdischarge m the resultmg reflexes (14, cf also 1, p 565) 
By recording directly the volley evoked m a given dorsal root by a smgle 
shock, and the results of that sized volley, it is possible to relate the mtensity 
of end action and response to the size of the causal afferent voUey In the 
accompanying graphs the size of the afferent volleys is plotted iong the 
abscissa, and is ex-pressed in terms of the maximum attamable mitial spike 
potential The size of the initial (two-neuron-arc) reflex volley (Fig 1) and 
the degree of facihtation and inhibition (Fig 3) of such reflex discharges by 
appropriate afferent \olleys are plotted as ordinates, and are expressed in 
per cent of the maximum attainable effect In practice, control observations 
of the dorsal root spike potential were taken before and after each senes of 
experimental observations The e\-penmental senes in each case W'as suf- 
ficiently long to neutralize the charactenstic fluctuations m responsiveness 
of the 'resting’ cord 

The first sacral (Si I segmental reflex was employed for the most part to 
study the discharge of motoneurons, or as a test reflex response to gauge the 
offcctnonoss of subliminal excitation and inhibition For facilitation of a 



114 


DAVID P C LLOYD 


the action potential of the multineuron-arc discharges suggests that such 
discharges hecome 50 per cent of maxunum only after the dorsal root volley 
IS 70-85 per cent maximal The discharges mcrease rapidly thereafter Thus, 
withm the fiber group represented hy the uutial spike potential of the dorsal 
root, the lowest threshold members contribute heavily to the two-neuron-arc 
responses while the higher threshold members account m large measure for 
the multmeuron-arc discharges 

One factor to be considered m evaluatmg the observations on multi- 
neuron-arc discharges is the possible effect of the rapidly developmg two- 
neuron-arc discharge As the two-neuron-arc discharge mcreases it rmght be 
expected to occlude to some extent the ensumg multmeuron-arc discharges 
However, after the stage represented m Fig 2E, the factor of occlusion need 
not be further considered as the two-nemon-arc refiex preempts no more 
motoneurons to its service, whereas the major mtensification of the later 
discharges occurs only after this stage is reached Occlusion then is not the 
important factor It appears rather that the central connections of the higher 
threshold fibers are limited to mtemeurons 

Facilitation and inhibition The relationships that have been descnbed 
show how the motoneurons respond to the end action of the dorsal root 
fibers It IS possible, by utihzmg the variation mduced by a measured pre- 
synaptic voUey m the response to a standard test excitation, to measure 
more directly the end action of presynaptic fibers Inasmuch as subhmmal 
action IS measured, the tests are more subtle than those based purely 5n dis- 
charge response Smce inhibition, m contrast to excitation, must mevitably 
be assessed m terms of a standard test excitation, the procedure has the 
advantage of providmg a quantitative measure of direct inhibition, and for 
a comparison between the direct excitatory and direct inhi bitory end effects 
of appropriately selected dorsal root voUeys 

In Fig 3 are plotted the direct excitatory (circles) and direct inhibitory 
(dots) end effect of appropriate dorsal root volleys upon standard testmg 
two-neuron-arc reflex responses The mtensity of facfiitation or inhibition is 
expressed as a function of the size of the conditiomng volley m each case 
As m the example provided by reflex discharge, a defimte relationship holds 
between the size of the causal dorsal root voUey and the mtensity of its 
end effect (excitatory or inhibitory) m the motor nucleus The relationship 
18 similar for the two opposed actions The excitation or inhibition of moto- 
neurons as the case may be, is imtially exerted by the lowest threshold fibers 
m the dorsal root By the time that the dorsal root voUey reaches 50 per 
cent of maximum, the excitatory or inhibitory action of that voUey on the 
test two-neuron-arc discharge is approximately 90 per cent complete The 
virtual identity of the excitatory and inhibitory curves mdicates that dorsal 
root fibers of identical conduction properties are mvolved m both instances 
Moreover it is clear that the lowest threshold fibers m both cases exert most 
of the end effect 

The simphcity of the two curves suggests that the excitatory and m- 
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Renshaw (11) has estimated that A fibers conductmg at velocaties of no 
less than two-thirds maximal account for the initial reflex discharges The 
failure of the reflex volley to mcrease further as more dorsal root fibers are 
recruited mto the causal voUey is due not to a saturation of the motor pool, 
but 18 due to the failure of the smaller fibers to reach the motoneurons at 
all, for it 18 a commonplace observation that the addition of but a few fibers 
of the appropriate size range to the stimulated bundle results in a further 
mcrease m the posts)uiaptic volley 

Figure 2 illustrates sample records from a senes such as that employed 
to construct the graph of Fig 1 The records were obtamed from the Si 



Fig 2 Dorsal root-ventral reflex discharges from the first sacral segment The suc- 
cessive records illustrate the growth of the reflex discharge as the afferent (dorsal root) 
volley IS increased in sire The figures to the right hand of each observation giv e the relative 
size of the afferent volley employed for that observation Time “5 msec 


ventral root at successively mcreasing strengths of dorsal root stimulation 
The figures to the nght of each observation give the ampbtude of the dorsal 
root volley, in per cent of maximum, obtainmg for that observation A two- 
neuron-arc discharge is first encountered m Fig 2B, wherem the afferent 
volley IS 10 per cent of maximum The two-neuron-arc discharge is maximal 
in 2E, for which observation the dorsal root volley was but 41 per cent of 
maximum 

Although Fig 2 shows, with reference to two-neuron-arc discharges, the 
type of observation employed in constructing the curve of Fig 1, it is pre- 
sented pnmanly to illustrate the relation between the size of a dorsal root 
volley and the amount of motoneuron discharge secured through the more 
complex segmental reflex arcs Some discharge pertaining to the more com- 
plex arcs IB apparently reahzed as soon as a two-neuron-arc discharge is 
discernible, but intense development of the multineuron-arc discharge 
occurs only ns the dorsal root volley increases beyond 50 per cent of its 
maximal size towards maxnmnlity Estimates based on the area enclosed by 
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established It is unlikely therefore that any significant number of i 
neurons are close to or at threshold m the 'restmg' pool, for if there wen 
first aflerent impulses to enter the pool should secure a posts 3 TiaptK 
charge The resulting discharge curve would then approximate m form 
of the facditation curve 

The diagram of Pig 4, dealmg as it does with synchronous afferer 
citation and two-neuron-arc discharges does not contam a time paran 
for time is fixed and mtensity only need be considered When, how 
excitation occurs within the motor nucleus as the result of a diffuse infl 

impulses, nsmg and f allin g m n 
sity over a number of milhseci 
as in the mstance presented by 
spmal reflex excitation (9), 
changes plotted m Fig 4 as a i 
tion of intensity of presynapti^ 
citation, wiU take place with 
as an added parameter In el 
events will progress imtially tc 
right along the abcissa as the 
pulse bombardment mcrease! 
mtensity, and subsequently to 
left as the impulse bombardi 
wanes On this schema the rt 
neuron discharge realized as 
result of a diffuse waxmg and i 
mg excitation should appear - 
after a considerable nuclear d 
occasioned by the degree of exi 
tion necessary to secure a dischi 
zone, and should cease consider) 
before the presynaptic bombi 
the development of subnorms 
among the motoneurons In short the motoneuron discharge should 
considerably synchromzed relative to the causal synaptic barrage Th] 
precisely what does occur, for instance, when lumbar or sacral motoneui 
are excited by activity transmitted through the long spmal reflex system 

Peripheral origin of afferent fibers contributing to two-neuron-arc, am 
later reflex discharges From a study of Fig 1, 2, and 3 it is seen that the 
threshold dorsal root fibers mediate direct effects to the motoneurons, whi 
as the higher threshold fibers act mdirectly through mtemuncial reh 
Smce the low threshold fibers are those of largest diameter, and those wh 
conduct impulses at the greatest velocities, it follows that the large, rapi 
conductmg fibers of the dorsal root are responsible for direct action on 
motoneurons 

The most rapidly conductmg afferent fibers have a conduction veloc 



Fig 4 A diagram based on Fig 1 and 3, 
to illustrate the relation between subliminal 
finnge and discharge zone in a motoneuron 
pool activated by dorsal root volleys 

ment, aided unquestionably also by 
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hibitory end effects are separate and not intermingled under the anatomical 
and temporal restrictions employed m these experiments However, the very 
identity of these curves makes it conceivable that the two end effects as 
measured m Fig 3 could be mtermmgled and yet appear as pure processes 
For mstance, if the two opposed processes were mtermmgled and were to 
mamtam a constant proportionahty at all strengths of the causal dorsal 
root volley, then the resulting experimental curve, representing the differ- 
ence, would mdicate only the more powerful, and would differ m no way jffom 


Fig 3 A comparison between the de- 
velopment of direct excitation and direct 
inhibition of motoneurons Circles the 
course of facilitation of a standard teat 
two-neuron-arc reflex plotted against the 
size of the conditionmg dorsal root voDey 
Each point represents the difference be- 
tween the facilitated response and the con- 
trol response expressed in per cent of the 
difference obtained by use of the maximal 
conditioning volley Dots the course of 
direct inhibition similarly plotted, but 
from another expenment Each point rep- 
resents the difference between the control 
response and the inhibited response ex- 
pressed in per cent of the inhibition ob- 
tained by use of the maximal conditioning 
volley Further details in text 



the curves to be expected from exquisitely segregated excitatory and m- 
hibito y processes 

Simple and supenmposable curves, such as those illustrated m Fig 3, 
would not be obtained if excitatory and inhibitory action differed m any way 
related to the fiber population occupied by the causal afferent volleys There- 
fore, the fibers which mediate direct excitation and duect inhibiLon to the 
motoneurons are indistinguishable on a functional basis There is, in conse- 
quence, no reason to suppose that a special group of fibers is employed m 
each case 

Relation between subliminal fringe and discharge zone in simplest reflex 
system Figure 4 represents diagrammatically the relation between the sub- 
liminal fringe and the discharge zone mthm a motoneuron pool upon the 
occasion of direct excitation through dorsal root collaterals The diagram is 
based on the expenments described in connection mth Fig 1 and 3 

The imlial upward concavity, present in the discharge curve (cf Fig 1) 
Iiut absent in the excitation curve (cf Fig 3) undoubtedly reflects the need 
for summation within the motor nucleus before discharge may occur Ac- 
cordingly m the ’resting’ preparation a s^mchronous \ olley of considerable 
dimensions must reach the motor nucleus m order that a firing zone may be 
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and a single S3nnaptic relay There is a small delayed discharge appean 
with a total latency approachmg 6 msec In Fig 4B is recorded the ret 
discharge obtamed m the ventral root by stimulation of the sural nerve 
this record the earhest reflex discharge appears with a total latency of abc 
5 msec Smce, m its afferent course the sural nerve-ventral root reflex mi 
travel m fibers of slower conduction than does the gastrocnemius nen 
ventral root reflex, some of the added latency may be accomodated as add 
conduction time The time accounted for by differential conduction ra1 
would be less than 0 5 msec , which means that the sural nerve-ventral re 
reflex has the longer central latency by about 2 0 msec Furthermore, t 
sural nerve-ventral root reflex discharge is irregular and has a duration 
about 10 msec , which features are characteristic of the later portions of t 
famfliar dorsal root- ventral root reflex Thus a segregation of afferent fibt 
accordmg to their ongm in muscle or m the skm results m a high degree 
segregation of the two-neuron-arc and later reflex discharges The tw 
neuron-arc connections are placed at the service of the afferent mflux fre 
muscle, the afferent unpulses from cutaneous areas are routed through t 
more complex and diffuse mtemimcial systems 

In consideration of the identity of afferent fiber range mediatmg exat 
tion and inhibition directly to the motoneurons (Fig 3), it follows that t 
dorsal root fibers mediatmg direct inhibition to the motoneurons have th( 
ongm withm the muscle afferent system 

Summary 

Two-neuron-arc reflex discharges m the dorsal root-ventral root refli 
are secured by stimulation of the lowest threshold fibers of the dorsal roc 
Stimulation of the higher threshold fibers is pnmanly responsible for t] 
multmeuron-arc reflex discharges 

The fibers mediatmg chrect excitation and duect inhibition to the mot 
neurons are functionally mdistmguishable m the dorsal root 

Afferent fibers of the size range havmg direct cormection with the mot 
neurons are found m significant numbers only m muscle nerves The grot 
of afferent fibers which accounts heavily for connections to mtemeurons 
promment m cutaneous nerves, but poorly represented among the muse 
afferent fibers (2-5, 10, 13) Utihzmg this information it is possible to effa 
a high degree of separation of the two-neuron-arc and multmeuron-arc refle 
discharges by employmg a muscle nerve and a cutaneous nerve respective] 
for afferent stimulation 
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of approximately 115-120 M/sec Employing the factor of six relatmg con- 
duction rate to fiber size (6), the largest afferent fibers would be approxi- 
mately 20n m diameter, which is in full agreement with the histological 
observations of Shemngton (13) The present observations and those of 
Renshaw (11) are m agreement that the upper third of the fiber spectrum 
accoimts substantially for the two-neuron-arc afferent fibers This would 
place the bulk of the afferent fibers estabhshmg direct connection with 
motoneurons m the range above 12 /i-13m m diameter 

It IS well known that cutaneous nerves contam but few fibers greater 
than 12^ m diameter (2, 3, 5), so it is unhkely that the afferent fibers m 
cutaneous nerves form direct con- 


nections with the motoneurons, 
though there can be no doubt that 
these fibers contribute heavily to 
the multmeuron-arc reflexes On 
the other hand the conspicuous pile 
m the fiber spectrum of *demotored’ 
muscle nerves, i e motor nerves 
from which the motor fibers have 
been degenerated by ventral root 
section, hes m the diameter range 
above approximately 12^ (2, 10, 
13), whereas the number of fibers 
between 12/i amd 6/i is scant It fol- 
lows from these several observa- 
tions that the two-neuron-arc-reflex 
discharge should result from stimu- 
lation of the afferent fibers from 



muscles, but not from the stimula- 
tion of cutaneous nerves, while 
stimulation of the cutaneous nerves 
should result in a profound reflex 
discharge of greater central latency 
This conclusion has been put to test 
m the following manner and estab- 


Fig 5 Reflex discharges recorded in a 
\entral root and resulting from maximal af- 
ferent lollejs m (A) the nerves to the gastroc- 
nemius muscle, and (B) the sural nerve The 
total conduction distance for the tvvo reflexes, 
and the amplification employed are compara- 
ble Further description in text 


lished as correct The sural nerve and the nerves to the gastrocnemius muscle 


are utilized to provide a cutaneous afferent volley and a muscle afferent vol- 
ley respectively The L7 and Si ventral roots are severed to provide a means 
of recording the reflex discharges, and incidentally to avoid the imtoward 
effects of antidromic voUej's sneepmg from the gastrocnemius nerve into the 


motoneurons (cf 12) 


Figure 5 A presents the reflex discharge recorded from Si motoneurons 
and e\ oked bj- an afferent \ olley m the ner\ es to the gastrocnermus muscle 
The feature in this record is the two-neuron-arc discharge appearing mth a 
total latency of 2 4 msec , which is only sufflcient to account for conduction 
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lobe As wxU be shown presently, a portion of this second part stands m func- 
tional relation to the acoustic area while the rest does not We shall therefore 
divide the temporal lobe mto an acoustic and a temporal sector The precise 
location of the boundary between them presents one of the problems of this 
investigation 

METHOD 

The functional organization of the temporal lobe was mvestigated by the study of 
changes of its electrical activity in response to various stimuli The experiments were per- 



Fig 1 Response to acoustic stimulation of supratemporal plane of chimpanzee 
Sketch on right shows supratemporal plane with position of pickup electrodes Records on 
left show cortical responses Numbers 1 to 6 correspond to numbers of electrodes in imi- 
polar pickup 

formed upon several monkeys (Macaco mulatto) and two chimpanzees, m each case under 
moderate Dial* anaesthesia Practically the whole of one hemisphere was exposed by wide 
operung of the skull and dura mater In order to reach the mfenor aspect of the temporal 
lobe, the animal was securely fastened with its belly on a board This board was then m- 
verted so that the animal hung supme After cutting the anastomotic vem of Labb4 the 
brain had sagged out enough in about one hour to give access to its basis In order to expose 
the supratemporal plane the ammal was righted agam and the parietal operculum was 

* 0 46 cc gr per kg , i mtrapentoneal, J mtramuscular We wish to thank Ciba for 
puttmg the Dial at our disposal 
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Introduction 

Experiments on the sensory and adjacent cortex of the monkey and chim- 
panzee (2, 12, 3) frequently necessitated controls by placmg electrodes or 
applymg strychnme to other parts of the cortex The mcidental information 
so acquired gave valuable clues for further experimentation The functional 
orgamzation of the occipital lobe, centermg aroimd the primary visual 
cortex, has already been reported (6) It was hoped that, by concentratmg 
attention upon the temporM lobe, it might similarly be possible to make out 
the functional orgamzation centermg around the primary auditory cortex 
For that reason the present experiments were undertaken 

The temporal lobe, as that term is used in anatomy, is completely cov- 
ered by isocortex It does not mclude the pynform area and the hippocampal 
formations — i e , the cornu ammonis proper and the entorhmal and adjacent 
areas On cytoarchitectural grounds Campbell (10) divided thus part of the 
brain in man, chimpanzee and orang mto an auditosensory, an audito- 
psychic and a common temporal area Brodmann (7, 8) sub-divided m man 
the common temporal area into areas 22, 21, 20 and 38, m the cercopithecus 
mto 22, 21 and 20 Mauss (18, 19) recogmzed a temporo-polar area m the 
orang and gibbon but not m the cercopithecus v Economo and Koskmas 
(14) divided the temporal lobe of man much m the same way as Brodmann 
Brodmann and Mauss failed to mark an auditosensory or auditopsychic area 
in the monkey In man, Brodmann (7) descnbed an area 42 as the audito- 
sensory and an area 41 as the auditopsychic area In a later contribution (8) 
he stated that the "regio supratemporahs” could be divided mto four areas 
22, 41, 42, 52 Mauss recognized two areas m the orang, which he called 40 
and 38, but only one in the gibbon, which he labeled 40 

The study of the thalamocortical relations in the macaque and chimpan- 
zee (25-28) suggests a division of the temporal lobe mto two major parts 
( 1 ) an area receiving radiations from the medial geniculate body, and (u) 
a much larger part devoid of thalamic radiations The first of th^ is the 
auditosensory area and covers no more than a fev square centimeters on the 
Buiiratemporal plane The second of these comprises the rest of the temporal 

• On li i\(> of nbM?nco from tlio Univcnntj of Illinois 
1 Nntionnl Rcvcnixli Council Follow, 19-10-1911 
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It proved possible to map out a tonotopic locabzation m the compara- 
tively large bram of the chimpanzee As Fig 2 shows, low pitches are picked 
up chiefly m the antero-lateral portion, and high pitches m the postero- 
medial portion of the acoustic area The cortical surfaces from which re- 
sponses to different stimuh were picked up overlap appreciably Whether 
this IS to be explamed by the physical conditions of the pick-up, or by the 



Fig 3 "Finng” diagram of temporal lobe of chimpanzee The supratemporal plane 
IS exposed by resection of parietal operculum c sulcus centralis poci sulcus postcentrahs 
inferior prci precentrahs inferior sea subcentrahs anterior sep subcentralis posterior 
sy sylvian figure Ti sulcus temporalis superior T, sulcus temporalis medius The 
numbers correspond to Brodmann's areas For details see text 

unavoidable background noise, or by overlappmg of the fibers of the acoustic 
radiation, cannot be decided 

When strychmne is apphed locally to the primary auditory cortex, as de- 
fined by the previous experiments, spikes are propagated mto area 22 on the 
lateral side of the temporal lobe, but nowhere else Conversely, strych- 
nuuzation of area 22 causes spikes to appear m the pnmaiy auditory cortex 
as weU as elsewhere m 22 

2 The temporal sector The rest of the temporal lobe can be subdivided 
m both macaque and chimpanzee mto three areas Strychnmization of each 
area "fires” all of that area but does not "fire” any pomt m any other area, 
as Fig 3 18 mtended to show The areas so mapped out correspond roughly 
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carefully resected subpmlly by suction, so as to preserve the temporal pm mater and blood 
supply A brain so prepared will exhibit essentially normal electacal activity for as much 
as 72 hours Silver electrodes were placed at all pomts to be in\ estigated In most animals 
36 electrodes were used and records made S 3 nichronously from 6 of them at a time The 
technique has been described m detail m previous pubbcations (6, 12) 

Results 

1 Acoustic sector In the intact brain electrical activity can be stopped 
or greatly reduced by any jolt or sudden sound sufficiently intense to startle 
the beast Properly speaking, this abatement of activity is not an auditory 
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Pic 2 Tonotropic organization of the supratemporal plane of chimpanzee At right, 
responses of electrodes to \anous pitches, at left, position of electrodes 


alTair, for jolting is as effective as sound, and it affects all parts of the cortex 
approximately equally and approximately synchronously A different reac- 
tion, however, is observed m the posterior part of the supratemporal plane,— 
that IS to say, m that part which is the prunary auditory' cortex From here 
an increase in electrical activity upon the beginmng and the end of an 
acoustic stimulus can be observed Figure 1 show's a typical response to a 
frequenp' of 350 cycles per sec It shows the increased actmty at the onset 
followed by an abeyance of activity which is part and parcel of the eeneral- 
wod diminution due to startle This reaction can only be observed m the 
acoustic area Occasionally, howexer, one can just see, synchronously wnth 
Uic abeyance in the acoustic area, a small disturbance appearing m the im- 
ediately adjacent cortex of the supratemporal plane, -^is phenomenon 
has nexcr been ob^erxed on the lateral side of the temporal lob^ 
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It proved possible to map out a tonotopic locabzation in the compara- 
tively large bram of the chimpanzee As Fig 2 shows, low pitches are picked 
up chiefly m the antero-lateral portion, and high pitches m the postero- 
medial portion of the acoustic area The cortici surfaces from which re- 
sponses to different stimuh were picked up overlap appreciably Whether 
this 18 to be explained by the physical conditions of the pick-up, or hy the 



Fig 3 "Fmng” diagram of temporal lobe of chimpanzee The supratemporal plane 
18 exposed by resection of parietal operculum c sulcus centrabs poci sulcus postcentralis 
inferior prci precentralis inferior sea subcentrabs anterior sep subcentrabs posterior 
sy sylvian fissure Ti sulcus temporalis superior Tj sulcus temporalis medius The 
numbers correspond to Brodmann’s areas For details see text 

tmavoidable background noise, or by overlappmg of the fibers of the acoustic 
radiation, cannot be decided 

When strychnme is apphed locally to the pnmary auditory cortex, as de- 
fined by the previous experiments, spikes are propagated mto area 22 on the 
lateral side of the temporal lobe, but nowhere else Conversely, strych- 
nnuzation of area 22 causes spikes to appear m the pnmary auditory cortex 
as weU as elsewhere m 22 

2 The temporal sector The rest of the temporal lobe can be subdivided 
m both macaque and chimpanzee mto three areas Strychnmization of each 
area "fires” all of that area but does not "fire” any pomt m any other area, 
as Fig 3 IS mtended to show The areas so mapped out correspond roughly 
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to Brodmann’s areas 21, 20 and 38, as shown m the human bram However, 
the first and second temporal sulci are no more than approximate landmarks, 
for m both monkey and chimpanzee areas 20 and 21 protrude slightl}”^ 
over the dorsal hp of the second and first temporal sulcus, respectively Ob- 
viously, m both cases the area ventrally adjacent to the sulcus covers both 
of its waUs 

The problem finally arose whether commissural connections between the 
two temporal lobes existed In the mtact animal "cross-firmg” was observed 
only from the second temporal convolution — i e , from area 21, to the homol- 
ogous loci on the other hemisphere The appearance of stry chnin e spikes in 
the contralateral hemisphere was not abohshed by cuttmg the corpus callo- 
sum, and it IS concluded that the commissural fibers between the two tem- 
poral lobes take their course through the anterior co mmis sure (3, 20) 

As has been shown elsewhere (2, 6), area 20 receives afferent impulses 
travelhng through the inferior longitudmal fasciculus from the parastnate 
area 18, and area 38 receives unpul^ through the uncmate fasciculus from 
the area orbitahs agranulans, the homologon of Brodmann’s area 47 and 
v Economo and Koskmas’ area FFa m the human bram 

Discussion 

The work reported m this paper confirms the conception of Campbell 
and Walker that the temporal lobe can be divided mto two sectors, an 
acoustic or supratemporal and a temporal sector Our work also makes it 
clear that, contrary to Brodmann’s statement, there is m the brain of the 
monkey and chimpanzee an area homologous to what Brodmann called 42 
m the human bram A komocortex on the supratemporal plane was mdeed 
described by Walker (25) for the macaque, and also mentioned at about the 
same time by v Borun (5) for the cebus The mmute myeloarchitectural 
studies by Beck (4) on the chimpanzee are hard to evaluate Exammations 
of several brams of macaques and chimpanzees have shown that both pri- 
mates possess an area of komocortex on the supratemporal plane and that 
this komocortex is developed to a different degree m different parts of that 
area, just as it was demonstrated for man m the detailed study by v. Econ- 
omo and Horn (15) 

The tonotopic organization found in the macaque and chimpanzee con- 
firms Pfeifer’s (22) surmise concermng the human bram to w^ch he was 
led by a cntical surv'ej' of chnical observations and b^’ his study of the 
acoustic radiation It is also in agreement urth Walker’s (25, 27) studies on 
the projection of the medial gemculate body on the cortex m the macaque 
and in the chimpanzee 

Tlie theory adianced many 3 ears ago by Polyak (23) on the basis of 
careful anatomical studies has been confirmed and implemented bj modem 
physiological research It has been estabbshed that there is a tonotopic or- 
ganization in the cochlea (11), and Walzl and Woolsey (29) ha\e demon- 
strated in the cat that there is a topological representation of the cochlea 
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m the primary acoustic area of the cortex After Ades and Felder (1) had 
defined the acoustic area of the monkey by chck stimulation of that ammal, 
Lickhder and Kryter (17) found a tonotopic orgamzation withm that area, 
the lower frequencies activatmg the antero-lateral part of that region, the 
higher ones the postero-medial one Our own work confirms Ades and 
Felder’s observations on the monkey, and extends Lickhder and Kryter’s 
findmgs to the chimpanzee Lashley’s (16) findmgs m the rat would micate 
that a tonotopic organization is of relatively recent phylogenetic ongm 

The relation between auditory cortex and area 22 is similar to that be- 
tween stnate and parastnate area, which was reported on by v Bonin, 
Garol and McCulloch (6) — with this difference, however, that secondary dis- 
turbances due to acoustic stimulation were never observed withm area 22 
They were observed, however, in the immediate vicinity of the auditosensory 
area — i e , m the area temporahs magnoceUulans, the homologue of Brod- 
mann’s area 42 and v Economo’s area TB m the human bram The acoustic 
sector can therefore be subdivided mto three areas, known m the human 
bram as 41, 42 and 22, or TC, TB and TA respectively 

In the temporal sector, area 38 could be identified by physiological 
methods It was mdicated by Brodmann (7, 8) in the human bram as 
covermg the temporal pole, but it was not given on his map of the monkey 
It was found, however, by v Bonm (5) m the cebus Histological controls 
showed that the cortex covermg the temporal pole m both macaque and 
chimpanzee differs from that covermg the rest of the temporal pole m pre- 
cisely the same manner m which it differs m man The mner granular layer 
IS much attenuated, both third and fifth layers contam mostly smaller cells, 
and the cell density is lower than elsewhere m the temporal lobe It is pos- 
sible to differentiate the temporo-polar area histologically as well as func- 
tionally m the brams of all gyrencephahc primates 

Our conclusion that the commissural fibers between the two temporal 
lobes take their course through the anterior commissure confirms what 
Rundles and Papez (24) and Bucy and Kluver (9) have stated on the basis 
of anatomical evidence No attempt has been made, however, to cut the 
antenor commissure and leave the corpus callosum mtact It can not be 
asserted, therefore, that all commissure fibers between the two tempore 
lobes take their course through the antenor commissure 

Conclusions 

The tempore lobes of macaque and chimpanzee show the same func- 
tione orgamzation The lobe may be divided mto two sectors (i) an acous- 
tic sector, consisting of the primary acoustic or auditosensory area 41, a 
Hmall area 42 surroundmg it, and area 22, mutually spikmg each other, and 
(u) a tempore sector, compnsmg areas 21, 20 and 38, each of which fires 
only locally In the primary acoustic area of the chimpanzee tones of low 
frequency amve m its antero-latere part, tones of high frequency m its 
postero-medie part Withm the tempore sector the existence of a temporo- 



FUNCTIONAL ORGANIZATION OF TEMPORAL LOBE 127 

polar area has been demonstrated in the macaque Commissural connections 
between the two temporal sectors are restricted to area 21 and take their 
course probably through the antenor commissure 
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between the two temporal sectors are restricted to area 21 and take their 
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turbance of the ipsilateral area 18 to the contralateral The time of this 
relayed spike is such that it follows the direct spike by more than an entire 
spike duration — that is, by more than 50 msec (Fig 1) This is considered 
worth reportmg because of the strength of the commissural connections be- 
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Fig 1 Chimp XVIII Strychnimzation 41 The outhne sketch of the brain shows 
location of strychnine 41, location of previous strychnine 40, and location of sixth row of 
electrodes on the contralateral hemisphere The spikes from strychiune 40 are now set 
off by the small spikes from strychnine 41 The top tracing is from the rover (B) at a gam 
of 8 Ha The next four tracings are from cortical leads, ab, be, cd, and de of row six on the 
contralateral hemisphere, at a gam of 4 H» (some 60 cycle disturbance m cd contralateral 
lead) The last traemg is from electrode V of the ipsilateral hemisphere, at a gam of 8 H , 
and shows small direct spikes from stychmne 41 followed by large spikes which they pro- 
voke from the partial residual strychnimzation of 40 At the right hand is a spike £rom 
strychmne 41 transrmtted to contralateral cd. at the center a spike from strychmne 40 
which fires contralateral cd, at the left band both spikes fire mto cd Precedmg each spike 
at V from strychmne 40 is a smaller disturbance transmitted from the strychnme 41 Paper 
speed 6 cm /sec , traemg reduced 69 per cent 

tween the area 18 (u) Strychmnization anywhere m area 18, whether on 
the medial, lateral or inferior surface of the hemisphere, results m strychmne 
spikes propagated to some part of the inferior temporal convolution (area 
20) (3) In general, those from the more inferior portion of area 18 are 
propagated further toward the tip of the temporal lobe On several occasions 
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Dubing expenments on the functional organization of the cerebral cortex 
in the monkey and chimpanzee, as well as durmg studies on its projection 
systems, attempts were constantly made to prove physiologically the exist- 
ence of those long association tracts joimng remote regions of the cerebral 
hemispheres which have been described m the human bram Several have 
been found but, as they belong m no case to any one of the anatomical or 
functional subdivisions of the hemisphere, it was thought best to report 
them m a separate article The long callosal fibers have already been de- 
scribed (1) and wiU not be herem mentioned, except for the mterhemisphenc 
connections of area 18 


KCTHOD 

The method of physiological neuronography has been explained m previons articles 
(2) All eiqienments were performed under fid! Dial anaesthesia, with the bram excep- 
tionally widely exposed and with the pia mater and cerebral blood supply and drainage as 
nearly intact as possible Electrodes were placed, sometimes at one site and sometimes at 
another, so that practically all parts, excepting the most medial portion of the inferior 
surface behmd the temporal lobe, had been exammed by the end of the experiments The 
same procedure was followed with respect to strychnimzation This was in each case per- 
formed by apphcation of a few square millimeters of filter paper moistened with a saturated 
solution of atrychrune sulphate The activity was recorded before and after the strychnmi- 
zation Photographs were made tmd the positions of electrodes and strychmne recorded on 
these After sacrificing the animal the brain was peeled, rephotographed and studied to 
determine as precisely as possible the sites of electrodes and strychmne and thus to prepare 
the composite diagrams presented below 


Results 


The expenments disclosed the existence of three long fiber tracts, ong- 
matmg and termmatmg on the convex surface of the hemisphere (i) m the 
chimpanzee, strychnimzation of the postenor margin of band I, which by 
stimulation was proved to be the eye field (area 8 of Brodmann) produces 
well-defined strychnme spikes propagated to area 18 of the same hemisphere, 
and also to the correspondmg area of the opposite hemisphere [see (5), 
Fig 2) By partial strychnimzation of the ipsilateral area 18 durmg this 
strychmmzation of band I, it was possible to obtam a relaymg of the dis- 


’Aided by grants from the John and Mary R Maxkle, and RockefeUer Foundations 
1 ho Dial used as an anestheUc was kindly furnished by the Ciba Company This material 
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dicated Finally, no other tracts were found connecting equally remote por- 
tions of the hemisphere * 

Discussion 

The method of local apphcation of strychmne and recording action poten- 
tials has been shown to disclose not only the existence but also the direction 
of the fibers between the gray masses of the bram, for strychmne acts only 
where axonal tenmnations contact cell bodies and causes disturbances propa- 
gated m the normal direction, not antidromicaUy Thus it was reasonable to 
expect that its apphcation to the problem of the direction of the long associ- 
ations! tracts of the cortex would help to show m what areas these systems 
ongmated and termmated Burdach, (1819-1826), Arnold (1838) and others, 
by dissection of the human bram, discovered four mam associational bundles 



Fig 3 Chimp XIX Strychtunizabon 24 Firmg (11) at site of strychiunization and 
(22) and (33) at tip of tempori lobe Bipolar recording Sketch of the ventral surface of the 
bram shows area strychninized and location of electrodes 


but, because of obvious deficiencies of the method, had not been able to 
detenmne accurately their origins or termmations Subsequent anatomists 
have usually been content with schematic representations, one of which, 
ascribed by Tfiney and Riley to Meynert, is given below (Fig 4) It was a 
matter of surprise that each of the three associational bimdles herem re- 
ported was found to be umdirectional m its transmission, and to arise and 
to termmate m a functionally and cytoarchitectomcally umque area of the 
cerebral cortex, as mdicated m Pig 4 

In addition to the long longitudmal fiber systems others, runmng m a 
transverse direction, have been described m the human cerebral hemisphere 
Those described withm the occipital cortex — ^vertical occipital fasciculus of 
Wermcke, stratum propnum cunei of Sachs, transverse occipital fasciculus 
of the hngual lobule of Vialet — are evidently, as was shown by v Bonm, 


* In recent expenments on the medial surface of the hemisphere exceptions to this 
statement have been found 
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this disturbance was found to extend just onto the central po^on of Ae 
upper hp of the second temporal sulcus, but at no time could these dw- 
turbances be traced to the extreme tip of the temporal lobe, either in the 
monkey or in the dumpanzee Figure 2 exemplifies these findmgs (m) 
Strychnmization of the area orbitahs agranulans (area 47 of Brodmann or 
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Fig 2 Chimp XXI Strychnimzation 5 Left hemisphere Diagram shows localisation 
of strychnine 5 and position of electrodes The tracings are of rows III and IV Fmng m 
3 of row IV and in I, 2 and 3 (feebly) of row III Rover at the bottom 


FFA of V Economo m the human bram) produces well-defined strychnine 
spikes propagated to the antenor portion of the temporal lobe — that is, to 
what Brodmann calls area 38 m his map of the human cortex Figure 3 
exemphfies this 

The negative findmgs are equally important First, at no time were any 
slrychmne spikes propagated m the reverse direction between the areas m- 
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human cerebral cortex have been disclosed From area 8, the frontal sup- 
pressor area, there arises a tract leading to area 18, the parastnate area, this 
IS probably part of the superior longitudinal fasciculus of Burdach From 
area 18 there arises a tract leadmg to area 20, on the inferior temporal con- 
volution, it IS usually called the fasciculus longitudmahs inferior, and may 
comprise also what anatomically has been called the vertical occipital fasci- 
culus of Wermcke There is a tract ansmg from the area orbitahs agranulans 
(called area 47 m the human brain) passmg to the tip of the temporal lobe 
(called area 38 m the human bram), it is ordinarily called the fasciculus 
uncmatus Each of these pathways normally conducts m one direction only 
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Garol and McCuIlocli (4), fibers connecting vanous parts of the parastnate 
area In general these are not as distinct bundles as are the longitudinal 
fasciculi. It might be pomted out here that we have found abundant evidence 
of such long transverse fibers in the firing of entire vertical bands on the 
convexity of the sensory cortex of the chimpanzee, but rarely of a defimte 
fasciculus ansmg in one cytoarchitectonic area and termmatmg m another 
remote area At least one such exists, however, m the panetal area of the 
chimpanzee It extends from just above the mterpanetal sulcus to an area 
just above the postenor part of the Sylvian fissure 

Special emphasis should be laid on the tune relations, for the conduction 
m each of these associational bundles occurs with axonal velocities In fact, 
it requires high paper-speed to distmguish on an ink writer record which 



Fig 4 Left diagram of long fiber tracts m human brain according to Meynert Seen 
firom medial surface Right diagram of longest fiber tracts m chimpanzee bram as deter- 
mined by strychnimzation and electrical recording 


strychmne spike occurs first — t e , the one in the propagatmg area or the 
one m the recipient area The contrast between the rapidity of these dis- 
turbances and those which are relayed — i e , are post-synaptic — ^is brought 
out by the experiment m which the strychmne spike was conducted the long 
distance from area 8 — i e , bamd I — to both ipsi- and contralateral areas 18 
at high velocity, whereas the relayed spike crossmg from one area 18 to 
another, after partial strychnmization of one of these areas, is delayed so 
long that the last traces of the axonal termination spike has subsided — a 
matter of more than 50 msec (Fig 1) 

Consideration of the function^ orgamzation of the pnmate cortex as a 
whole might suggest the existence of a pathway from the temporal lobe to 
remote regions of the cortex, but the present experiments have failed to 
reveal any such structure 

Summary 

By applymg strychmne locally to the cerebral cortex of the monkey and 
chimpanzee, and recordmg the electncal activity, the ongm and termmation 
of homologues of three of the well-defined long association bundles of the 
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AH three tissues were markedly affected by oxygen tension in the range 
below 21 per cent The difference between 100 and 21 per cent was significant 
for the quantity of data obtamed only m cortex When the oxygen uptake 
was expressed as a percentage of the value for 100 per cent oxygen (Fig 2), 
there was no striking difference between the three tissues m the influence of 


Table 1 Lactic acid output during the preltminaiy period of gassing and equilibration 


Exp 

Oxygen 

mixture 

Lactic acid output 

1 

Manometnc 

eqmvalent* 


Vol 

per cent 

(1) 

Total 

(2) 

Blank 

(3) 

Net for 2 
hr 

Qg 

(4) 

(4)-(3)/8 


mg /gram tissue 

mm ’COj/mg tissue/hr 


Cortex 


216 

21 1 

39 


22 

2 8 

227 ' 

0 6 

114 ' 


101 

12 6 

303 

100 

69 


46 

6 8 


3 1 

140 

34 

106 

13 3 


0 6 

162 

29 

123 

16 4 

316 

100 

60 

11 

39 

4 9 

317 

0 6 

116 

16 

100 

12 6 

318 

21 1 

86 

21 

66 

8 1 


Medulla 


226 

0 6 

20 

3 

17 

2 1 

304 

100 

24 

6 

18 

2 3 


3 

29 

6 

23 

2 9 


0 6 

18 

6 

13 

1 6 


Cord 


226 

0 6 

3 

0 

3 

0 4 

228 

0 6 

4 

1 

3 

0 4 

307 

100 

10 

4 

6 

0 8 


3 

10 

3 

7 

0 9 


0 6 

8 

2 

6 

0 8 


* 1 nun ’ —0 004 mg lactic acid 


oxygen tension on oxygen uptake At most pomts there was considerable 
overlappmg from one tissue to another 

The effect of oxygen tension on glycolysis was quite different from one 
tissue to another (see Fig 1) In cerebral cortex, as the oxygen tension was 
lowered there was a progressive mcrease m glycolysis which was proportional 
to the decrease m oxygen uptake (Fig 3) The effect was much the same m 
medulla m the range down to 3 per cent oxygen From that pomt instead of 
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When the supply of oxygen to the central nervous system falls progres- 
sively, normal activity diminishes and irreversible changes occur For many 
years differences m response to low oxygen tension have been recogftuzed be- 
tween cortex, medulla, and spmal cord The purpose of this study is to in- 
vestigate possible metabohc bases for these differences 

METHODS 

Twenty-five cats were employed in these expenments Although full grown animals 
were not always available, those as small as 1 1 Kg did not differ from the adult Following 
pamless sacrifice, a sagittal cut through the head was made with a guillotme, permitting 
immediate exposure of the brain At room temperature (about 25 °C ) slices were cut firom 
the outer surface of the cerebral cortex, from the meduUa oblongata in parasagittal plane, 
and from the cervical portion of the spinal cord transversely Oxygen uptake at 38* was 
measured by the single vessel method of Warburg (16) m vessels of 11 cc capacity contain- 
ing 2 cc of medium The medium contamed 0 118 M NaCl, 0 0024 M KCl, 0 0017 M 
CaCh, 0 00066 M MgCh, 0 003 M NaH,PO<, 0 017 M NaiHPO, and 0 011 M dextrose A 
high rate of shaking was employed, 160 cycles per roin through 1 5 cm The first reading 
was taken about 30 min after decapitation, including from 10 to 15 mm in the bath for 
gassing and equihbration, readings were continued for 2 hours The results are reported 
on the basis of dry weight of tissue at the end of the experiment This was of the order of 
10, 20 and 35 mg for cortex, medulla and cord respectively With cord, and to a lesser ex- 
tent with medulla, the slices sometimes partially disintegrated, the residuum was centri- 
fuged to remove the medium, and weighed separately This procedure neglects the weight 
of the precipitated calcium phosphate, about 0 9 mg /cc The gas mixtures were made from 
oxygen and nitrogen (the nitrogen contained from 0 3 to 0 6 per cent oxygen) by displace- 
ment of saturated CaCl. solution from 20 liter carboys, they were analyzed with the 
Haldane apparatus Since at 38° water vapor forms 7 percent of the gas mixture, the oxygen 
tensions reported in the paper must he corrected by the factor 0 93 Accordmgly "100 per 
cent oxygen” refers to a tension of 0 93 atmosphere After the removal of the shces the lac- 
tic acid in the medium was determined by the colonmetnc method of Barker and Summer- 
son (3) Separate determinations for the preliminary period before the first readmg were 
not performed in each case, but a representative senes of values is given m Table 1 

Results 

For the most part the rate of oxygen uptake was constant over the two 
hour penod, one consistent vanation m rate was the mcrease from the first 
to the second hour at the lowest oxygen tensions Average values for oxygen 
uptake m oxygen, and lactic acid output at different oxygen tensions are 
compared m Fig 1 The ratio, cortex medulla cord, was 100 34 12 for respi- 
ration m oxygen and 100 17 5 for anaerobic glycolysis 

• Aided by n grant from the Milton Fund of Hanard Umiersity 
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have been questioned by Avery, Kerr and Ghantus (2) The pecuhar effect 
of oxygen tension on glycolysis m the medulla is of significant magnitude, 
and IS controlled technically by the results obtained with cortex * 

We have as yet no definite indication of a mechanism that can explam 
how glycolysis in the medulla could be maximal at an oxygen tension of from 


Tabic 2 Means and standard errors of the means 


pO- Oxygen uptake 

Lactic Acid output 
in 2 hr -fprehnunary 
period 

[ 1 1st hr j 

2nd hr 1 Mean 

Vol ' 
per cent 
dry 

No 

of 

cats 

Qo. ^mm ‘/mg /hr 

i 

[ Per cent 
of value 
in 100 per 
cent 0 

No 

of 

cats 

I 

mg /g 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 


Cortex 


100 ! 

15 1 

10 5 ±0 35 

10 2+0 27 100 

14 

52± 3 9 

21 

10 

6 7±0 39 

7 1 ±0 32 69 ± 6 3 

9 

65 ± 6 4 

10 

8 

3 9±0 48 

4 5+0 40 1 42± 6 4 

7 

83± 6 2 

3 

9 

2 0±0 11 ' 

2 4 ±0 10 1 21 ± 1 4 

7 

121 ±12 7 

0 5 ' 

9 

1 0 1 ±0 12 ! 

i 0 7 ±0 13 1 4 ± 0 8 

1 

7 

138 ±14 5 


Medulla 



14 

3 5 ±0 18 

3 4 ±0 18 

' 100 

14 

18± 2 2 

21 

6 

2 3±0 22 

2 3±0 19 

76 ±11 6 

6 

20± 3 3 

8 

7 

1 3 ±0 22 

1 6±0 21 

1 50 ±10 6 

7 

25 + 2 5 

2 i 

7 

0 9 ±0 14 1 

1 0±0 14 

29 ± 5 8 

7 

32+ 3 1 

0 4 

7 

0 2 ±0 09 1 

0 4 ±0 08 

9+2 3 

8 

23 + 2 2 


Cord 


100 

12 

1 3 ±0 10 1 1 3±0 07 

100 

12 

9± 1 0 

21 

6 

1 0±0 16 1 1 0+0 17 

83 ±10 7 1 

6 

8+2 1 

8 

6 

0 6±0 03 , 0 6±0 04 

58± 6 8 

6 

10± 1 8 

2 

6 

0 4 ±0 06 I 0 4+0 05 

37± 3 9 

6 

8± 1 4 

0 4 

5 

0 0±0 10 0 2±0 03 

10± 4 6 

6 1 

7± 1 1 


2 to 3 pel cent of an atmosphere instead of zero Nevertheless, the observa- 
tion 18 of interest m connection with possible explanations of the delayed 
post-apneic hypeipnea (11), in dogs under hght anesthesia deprived of their 
penpheral chemoreceptors Evidently the motor impulses ansmg from the 
respuatory center pass through a maximum after the readmission of air to 

* The following observations should be home in mmd, although they do not contribute 
directly to an explanation of the effect in medulla Rosenthal and Lasnitski (12) noted an 
mcrease in anaerobic glycolysis of hver and other tissues following an incubation period in 
oxygen Ashford and Dixon (1) studied the metabolism of brain cortex in a medium to 
which M /lO KCl had been added and found iin mcrease m aerobic glycolysis but a decrease 
in anaerobic glycolysis 
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rising to a maximum m mtrogen, however, the glycolysis m this tissue fell 
In cord, on the other hand, the effect of oxygen tension was shght 

Discussion 

The rate of oxygen uptake is the metabolic factor commonly discussed 
in connection with differences between cerebral cortex, medulla oblongata 
and spmal cord in sensitivity to anoxia Recent studies of the metabohsm 
of the bram m the growmg mammal (9, 15) have confirmed earher observa- 
tions that m the adult, the regions less vulnerable to hypoxia have the lower 
metabohc rate Comparison of the rates of respiration and of anaerobic 
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Fig 1 (a) Data from table 2, col- 
umn 7 \s column 1, oxygen tension in 
atmospheres XO 93 (b) Mean oxygen 

uptake m oxygen in mm ’/mg /hr where 
A, B, and C refer to cortex, medulla and 
cord respectively 
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Fic 2 Data from table 2, column 
5 vs column 1, oxygen tension m at- 
mospheres XO 93 


glycolysis m the cat, however, suggests that glycolysis may be a factor of 
some importance (Table 2) The Qo. of cortex m oxygen was three times as 
great as that of medulla, while the anaerobic glycolysis of cortex was six 
times that of medulla This proportionately greater rate of glycolysis of 
cortex might affect the sensitivity of cortex to anoxia through depletion of 
glucose or accumulation of aad Even as the medulla oblongata has an ad- 
vantage m this regard over cerebral cortex, so the spmal cord appears to 
have an advantage over medulla when one compares aerobic and anaerobic 
glycolysis Oxygen tension had relatively httle effect on glycolysis m cord, 
whereas in medulla glycolysis was 28 per cent higher m mtrogen than m 
oxygen The relatively high aerobic glycolysis m cerebral cortex has already 
been discussed (5) Glycolysis in the medulla has been subjected to httle 
if any direct study since that of Haldi, Ward and Woo (8), and their results 
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the behavior of shoes and suspensions to inadequate diffusion of oxygen into 
the shoe If diffusion into the shoe accounts for the high cntical oxygen ten- 
sion shown in Fig 2, then the data for 100 per cent oxygen are probably 
most nearly comparable to the situation in vivo when au is bemg breathed, 
for glycolysis is at a minimum m oxygen in vitro and m air m vivo If, on the 
other hand. Fig 2 is mterpreted to mean that in vivo bram metabohsm could 
mcrease, if a greater partial pressure of oxygen were supphed m the inspired 
au, the results are sigmficant m a consideration of the toxic action of high 
concentrations of oxygen Usmg a medium free of Ca and Mg ions Elhott 
and Lihet (7) described a dechne m rate with time that was more marked m 
oxygen than m au In our medium a sigmficant dechne in the rate from the 
first to the second hour (Table 2) was not observed 

The mtunate connection between respuation and glycolysis m cortex is 
illustrated in Fig 3, for when oxygen tension vanes, the relationship between 
the two processes is hnear The imphcation of this is to limi t the generahty 
of the results obtamed with retma m bicarbonate medium (10, 13), in which 
the Pasteur enzyme appeared to mfluence glycolysis but not respuation The 
relationship between respuation and glycolysis observed m cerebral cortex 
IS also found m bone marrow (17), and m retma m phosphate medium (6) 

Summary 

The rates of oxygen uptake of cortex, medulla and spmal cord were m the 
ratio 100 34 12, whereas the ratio for anaerobic lactic acid production was 
100 17 5 

The oxygen uptake of all three tissues was sensitive to oxygen tension 
The shape of the oxygen uptake-oxygen tension curve was essentially the 
same for the three ti^ues 

The anaerobic lactic acid production was twice as great m cortex as m 
medulla per umt of oxygen uptake m oxygen Lactic aad production was 
sensitive to oxygen tension m cortex and medulla but not m cord These 
differences m lactic acid production are offered m partial explanation for the 
variations m resistance to anoxia from one region to another withm the 
central nervous system 

In cortex, lactic acid production and oxygen uptake varied mversely 
when the oxygen tension was altered 

In medulla, surpnsmgly enough, lactic acid production was maximal at 
2 to 3 volumes per cent oxygen The possible relationship of this to a previ- 
ously described respiratory phenomenon was mentioned 
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the dogs Glycolysis in the medulla follows a parallel course This possible 
relationship needs to be investigated further, since it may well provide a 
better understandmg of the problems mvolved m chemical stimulation of 
respiration 

The oxygen tension-oxygen uptake curves are described by the equation 
of Tang (14), P/A ^Ki+K^P, where P is oxygen tension, A the rate of 
respiration, Ki the intercept and iC; the slope When P/A. was plotted 
agamst P (Fig 4), linear relationships were obtained Tang cited 17 van- 
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Fig 3 Cerebral cortex Data from 
7 cats, tissue from each ammal was 
studied at different oxygen tensions 
Each point represents the oxygen up- 
take at an intermediate oxygen tension 
as a fraction of the oxygen uptake m 
oxygen for that animal, and the lactic 
acid output at the same oxygen tension 
as a fraction of the lactic aad output in 
nitrogen 



Fig 4 Data from table 2, A from 
column 5 , P from column 1, oxygen 
tension m atmospheres XO 93 The m- 
tercepts on the P/A axis were 0 13, 0 07 
and 0 05 for cortex, medulla and cord 
respectively 


eties of biological matenal the data for which were described by this equa- 
tion The curves for bram in vitro (Fig 2) represent a possible deviation from 
the behavior of bram in vivo In cerebral cortex, oxygen uptake was depressed 
significantly m 21 per cent oxygen as compared with 100 per cent, whereas 
in VIVO, changes m metabohc and mental activity are not observed until the 
oxygen tension m the inspired air is lower (4) The discrepancy between the 
Qo, of cortex in vivo and in vitro has been discussed elsewhere (5) 

Elhott and Libet (7) m studymg the oxygen uptake of rat bram m air 
and m oxygen, found that the substitution of oxygen for an- had no effect 
on the imtial rate of a homogenized suspension of whole bram, whereas with 
shces of cortex there was a 42 per cent mcrease This agrees with our figure 
of 45 pe r cent for cortex (Table 2 )* They attributed the difference between 

* This appears to be true also of medulla and cord but smee the differences in 100 
and 21 i»r Mnt oxygen are smaller than in cortex, a larger body of data would be required 

lO OSlnbn^n tno rVMnf fr\r f nr»Tn * 
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Fig 1 Segmental (SI) reflex preparation The recovery of reflex response foUowmg 
an antidrormc volley The inset serves to illustrate the disposition of stimulating and re- 
cordmg electrodes The orthodromic, or reflex, volley is evoked by stimulation through 
electrodes O The antidromic volley is evoked by stimulation through electrodes A on the 
ventral root Records are obtamed by means of electrodes R on the ventral root distal 
to the A electrodes Record A reflex response m isolation Records B~T reflex response 
with combmed orthodromic and antidromic stimulation The antidromic shock falls pro- 
gressively earher -with respect to the orthodromic shock which is fixed m position on the 
sweep Note two stage recovery with "plateau" period (records F-J) durmg which the 
reflex remains relatively constant m size Time m 1 and 4 msec intervals 


times differ slightly due to the different position of the stimulatmg and re- 
cording leads on the ventral root 

Ventral root conduction tune for the antidromic voUey is obtamed by 
stimulatmg with the A electrodes (Fig 1, inset) and recordmg the moto- 
neuron response by means of a microelectrode, the mterval between the A 
shock and the onset of negativity at the microelectrode denotmg the value 
for the correction Ventral root conduction time for the orthodromic volley 
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A MAXIMAL antidromic volley (1) backfired into a segmental spmal pool of 
motoneurons fails to block a reflex volley completely unless the opposed vol- 
leys clash m the motor axons The foliowmg experiments describe, and 
attempt to account for, this findmg 

In Fig 1 are presented the results of an experiment m which an anti- 
dromic volley and an orthodromic (reflex) volley pertai n i n g to two-neuron- 
arc reflex systems are caused to interact The reflex of the first sacral segment 
IS utihzed m this experiment, as in most of the others, for the ventral root 
of this segment m the cat is of satisfactory length for the placmg of the 
required electrodes Record lA illustrates the reflex volley recorded m isola- 
tion firom the ventral root In records IB-IT, antidromic and reflex voUeys 
are combmed, the orthodromic shock imtaaUy precedmg and subsequentiy 
tr adin g the antidromic shock The orthodroimc shock remams fixed on the 
tune axis of the successive records 

When the orthodromic shock precedes the antidromic shock by 0 75 
msec ((H) 76-A) as m Fig IB, the orthodroimc response is completely 
blocked, as it is with the use of greater stimulus mtervals until the ortho- 
dromic response begms to reach the recordmg leads before the imtiation 
of the antiiromic volley A response to the orthodromic shock is first secured 
m Fig IC, recorded with a shock separation of (0-0 6-A) The orthodroimc 
response mcreases until (A-0 1-0) m record IF, foliowmg which it remams 
constant imtil (A-0 9-0) m record IJ, after which a second rise m amphtude 
IS realized 

In earher experiments employmg antidromic conditionmg (1, 5, 8) 
the first orthodroimc responses were obtamed with shock separations of 
(A-0 43-0) to (A-2 3-0), which would correspond approximately to records 
J and O m the senes of Fig 1 The mitial step m recovery, therefore, has not 
been descnbed previously 

Figure 2, curve A, illustrates graphically another experiment s imilar to 
that presented m Fig 1 On theoretical grounds the ideal zero for a recovery 
curve employmg synaptic excitation would be that at which the antidromic 
volley coursmg over the somata of the motoneurons (6) reaches the pomts 
at which the postsynaptic reflex responses are evoked at the exact time that 
the orthodromic volley reaches those pomts One can appreciate that the 
ideal zero is not readily attamable m practice However, a useful correction 
can be made by allowing for conduction m the motoneuron axons, which 
can be measured satisfactonly Separate measurements are required for the 
ventral root conduction time of the reflex and antidromic volleys, as these 
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IS obtained by inserting stunulatmg electrodes mto the ventral bom in such 
a way that the motoneurons may be stimulated directly by an electncal 
shock, the response bemg recorded by means of the R electrodes When the 
orthodromic shock antecedes the antidroimc shock by an mterval eqmvalent 
to the total reflex latency mmus the sum of the ventral root corrections, the 
opposed volleys should clash at the jimction of axon and soma of the moto- 
neurons Zero on the scale of ordmates is set so as to represent this mterval 
of shocks In consequence the tune scale represents, withm the hunts of 
measurement, the mterval between the amval of the antidromic volley and 
the amval of the orthodromic volley at the axon-soma junctions The arrow 
mdicates the status at the comcidence of the two shocks, orthodromic and 
antidrormc 

When the antidromic and orthodromic volleys comcide at the axon-soma 
junction, as mdicated by the ongm of curve 2A, the orthodrouuc voUey is 
obhterated The orthodromic volley, however, need reach the junction only 
0 1 msec later than the antidromic volley to be successful m eludmg to some 
extent total refractoriness The orthodromic volley, by the tune it reaches 
the axons of the motoneurons, has been subjected to considerable conduction 
and to synaptic transmission, with the cert^ result that it is more dispersed 
than the antidromic volley amvmg at the same pomt In consequence it 
may be that only the last impulses of the dispersed orthodrouuc volley to 
amve at the axon elude refractormess to reach the recordmg leads when 
such short mtervals are employed Nevertheless it is apparent that the 
crthodromic volley passmg through the reflex arc is capable of exatmg the 
motoneuron axon for a penod approximately equal m duration to the abso- 
lutely refractory period of the axon The added delay m the reflex response, 
which IS easily seen m Fig 1, presumably is due to refractoriness and takes 
place at the axon jimction As the reflex voUey falls later the response m- 
creases sharply to a plateau which is mamtamed for approximately 1 msec 
before a further mcrease m the response takes place 

The observations of Fig 1 smd 2A mdicate that some impulses m the 
orthodrouuc voUey are not blocked by the antidromic voUey when the two 
volleys meet m the motoneurons at some pomt central to the axon junction, 
even though the antidrormc voUey blocks the orthodromic voUey completely 
when they meet m the axons of tiie motoneiuons In attemptmg to account 
for these observations it is germane to consider some aspects of the response 
of the motoneuron somata to antidrormc activation 

The action potential of the motoneurons, excited by antidrormc shocks 
and recorded by the use of a imcroelectrode appropriately situated, consists 
of an imtial positive deflection signaUmg the approach of the voUey m the 
axons, foUowed by a large negative deflection, this m turn bemg foUowed by 
a more prolonged positive deflection (6) The motoneuron potential as re- 
corded m the sacral spmal cord may be seen m Fig 2C The large negative 
"spike” potential of the motoneuron somata, m contrast to the spike poten- 
ti£d of the axons, is labile (7), it is easily blocked by asphyxia (7), it is pro- 
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Fig 2 A recovery curve constructed from observations such as those presented m 
Fig 1 Ordinate — amplitude of the reflex response in arbitrary units Abscissa — time The 
arrow indicates comcidence of the antidromic and orthodromic shocks To the left of the 
arrow the orthodromic shock leads, to the right of the arrow the antidromic shock leads 
Time IS plotted according to the conduction corrections explained m the text B recovery 
curve constructed in the same manner as curve A All detmls for curves A and B are iden- 
tical mth the single exception that the antidromic volley employed for the observations 
plotted in curve B was preceded by a single shock to the ipsdateral brachial plexus Note 
reduction of the initial rccov ery stage C potential recorded by microelectrode from the 
motoneurons of the SI segment as the consequence of a single maximal antidromic volley 
D ns in C except that the antidromic shock is preceded by a single shock to the ipsilateral 
bmchml plexus wnlh the result that the soma response (7, 8) of the motoneurons is facili- 
tated Time for C and D below record C in 1 and 4 msec intervals 
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Fig 3 Changes m the soma response of the motoneurons, m the recurrent motoneuron 
discharge and in the imtial stage reflex discharge resulting firom repetitive antidromic stim- 
ulation Recurrent discharges are identified by means of arrows directed downward, mitial 
stage reflex discharges by means of arrows directed upward Further description in text 
Time for records A-F m 1 and 6 msec intervals is below record C Time for records G-tI m 
similar umts is below record J 
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gresaively reduced on tetanic stimulation at frequencies which the axons fol- 
low with ease, it may be facilitated and inhibited (10) 

The fact that the soma response to a maximal antidromic volley may be 
facihtated mdicates that the antidromic volley fads to enter the somata of 
some of the motoneurons or that, on entermg, it produces effects graded m 
extent or mtensity Of these possibihties, the first, fadure of the antidromic 
volley to extend beyond the axons mto the somata of some of the motoneu- 
rons avadable to the orthodronuc reflex voUey, woidd account for the mitial 
rise and plateau of the recovery experiments illustrated m Fig 1 and 2, for 
m these motoneurons the orthodromic volley would not encoimter refrac- 
tormess untd reaching the axon junction An explanation of the imtial stage 
m recovery based on the precedmg considerations may be put to test by the 
simple expedient of facditatmg or depressmg the response of the motoneuron 
somata to the conditionmg antidromic voUey 

In order to compare the recovery curve of reflex responses m association 
with restmg and facihtated antidromic volleys it is useful to procure a facdi- 
tatmg background activity which is relatively constant over a period of sev- 
eral milliseconds A smgle shock to the brachial plexus (3) provides an 
admirable source of facditatory impulses for it satisfies the present require- 
ments Fig 2C illustrates the motoneuron potential recorded by means of a 
rmcroelectrode m the restmg spmal cord, the stimulus is a smgle maximal 
antidromic shock Fig 2D shows how the soma potential is greatly aug- 
mented and slightly synchromzed by the activity resultmg from the brachial 
plexus strmidataon The imtial positive deflection, signalhng the approach of 
the antidromic volley m the axons, is unaltered from record C to record D 
Figure 2, curve A, as noted before, illustrates graphically the mitial stage 
m recovery of reflex response Curve B is constructed m a smidar manner 
from observations obtamed under identical conditions with the smgle excep- 
tion that the antidrormc volley is preceded, as m 2D, by a smgle shock to the 
brachial plexus A comparison of curves A and B reveals that the size of the 
reflex responses is severely reduced for the duration of the mitial stage or 
plateau Subsequently the action of the brachial plexus stimulation is to 
facihtate the reflex volley as it does m the absence of the antidromic volley 
(3), the reflex volley, of course, stiff bemg of subnormal size Thus the greater 
the soma response to the antidromic volley the less spectacular are the reflex 
responses of the mitial stage m recovery 

If the reduction m size of the mitial stage reflex responses illustrated m 
Fig 2 18 mdeed due to mcrease m the response of the motoneuron somata to 
the antidronuc volley, then it follows that the mitial stage reflex discharges 
should mcrease in size as the response of the motoneuron somata to the 
antidromic volley is depressed Depression of the soma response of the moto- 
neurons may be attamed by repetitive antidronuc stimulation (10) Before 
discussing the effects of repetitive antidromic stimulation it is appropriate 
to consider another type of motoneuron discharge to the penpherv which 
occurs during the penod of central activity foUowmg an antidromic shock 
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On the question of refractoriness of the motoneuron somata The initial 
stage reflex discharge appears first at the end of absolute refractormess m 
the motoneuron axons, or shortly thereafter, and while some, but not aU, 
of the motoneuron somata are still occupied by the antidromic voUey The 
mitial stage reflex discharges are obtamed by transmission through those 
motoneurons in which the antidromic volley presumably is blocked at the 
axon junction The early mitial maximum and plateau show that withm a 
few tenths of a msec virtually all of the motoneurons available to the ortho- 
dromic voUey by reason of the failure of the antidrormc volley are recrmted 
to the service of the orthodromic voUey Approximately 1 msec after the 
end of absolute refractormess at the axon, the plateau of the mitial stage re- 
flex response ends and a second stage of recovery begms The second stage 
of recovery appears to represent the begmnmg of transmission of the reflex 
voUey through those motoneurons m which the antidromic voUey enters the 
soma One may conclude that conduction m the motoneuron soma is ac- 
compamed by refractormess, and that on the occasion of antidroimc activa- 
tion the motoneuron is not open to sjmaptic activation for approximately 1 
msec after the axon has recovered from absolute refractormess This state- 
ment must not be taken to mean that the refractory penod of the soma is 
longer by 1 msec than that of the axon, since the upper hmit for a refractory 
penod of motoneuron somata has been set at 0 6 msec (4) which is virtually 
that of the axons 

Other considerations If the antidromic impulse dies at the axon-soma 
jimction of some motoneurons (c/ 7), which appears to be the case, then 
one might expect the same changes to take place m the somata of those 
motoneurons as are known to take place beyond a block m nerve (2, 6) 
On this supposition the somata of the motoneurons m which the anti- 
dromic voUey dies would be more excitable than m the "restmg” state and 
would accordmgly be more accessible to the reflex voUey than they would 
be m the absence of the antidromic voUey On the other hand the activity 
m the fuUy occupied motoneurons might affect adversely the transmission 
of impulses m the orthodromic direction through the motoneurons that are 
not fully occupied by the antidromic voUey (9) Considerations such as these 
give some hmt of the complexity of the central disturbance created by an 
antidrormc voUey In general it seems that antidromic voUeys should be 
employed with due caution, and that oversimplified assumptions as to the 
central effect of an antidromic voUey should be avoided There can be httle 
question but that an antidromic voUey does more than mterpose a refractory 
penod m the path of a reflex 

Summary 

A maximal antidromic voUey backfired mto a segmental spmal pool of 
motoneurons fails to block a reflex voUey completely unless the opposed 
voUeys clash m the motor axons This is apparently due to the failme of the 
antidromic voUey to conduct from the axon mto the soma m some of the 
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Frequently, among spmal motoneurons at any rate, the transmission of 
an antidromic voUey is followed by the discharge of a small centrifugal volley 
m the absence of any other specific stimulation (9) The central latency for 
this "pseudo-reflex” volley, or recurrent discharge as it will be called, is 
somewhat less than 1 msec Furthermore the recurrent discharge occurs only 
m motoneurons that are occupied by the antidromic voUey, it may be m- 
hibited by appropriate orthodromic activity In appearance the recurrent 
voUey IS not urdike the mitial stage reflex voUey, but the two may be dif- 
ferentiated qmte easily by experiment 

The observations of Fig 3 Ulustrate the behaviour of the mitial stage 
reflex discharge when an orthodromic voUey is associated with smgle and 
repetitive antadronnc voUeys Shown also is the differentiation between 
recurrent motoneuron discharges and mitial stage reflex responses Record 
A of Fig 3 shows the motoneuron potential recorded by a microelectrode 
and resultmg from a smgle antidromic voUey In 3B is recorded, firom the 
ventral root, the antidromic voUey foUowed closely by the recurrent moto- 
neuron discharge In Fig 3C, a smgle dorsal root shock is dehvered S 3 m- 
chronously with the antidronuc shock. The mitial stage reflex discharge may 
be seen m 3C occupymg the same relative position as the recurrent discharge 
m 3B Fig 3, A, B, and C form control records for the consideration of 3D, 
E, and F m which five antidromic voUeys are utilized 

Figure 3D records the motoneuron potentials evoked by five rapidly re- 
peated antidromic voUeys It wiU be seen that the soma potential is pro- 
gressively reduced (c/ 10) On the contrary the mitial positive deflecLon, 
signalhng each voUey approaching m the axons toward the microelectrode, 
retams its maximal size throughout In 3E is shown the result of five anti- 
dromic voUeys as recorded on the ventral root By comparmg 3E with 3D 
it wiU be seen that the recurrent motoneuron discharges decrease m paraUel 
with the soma potentials and reach final extmction Exammation of 3F, 
however, shows that the mitial stage reflex discharge is differently affected 
In 3F, as in 3C, a dorsal root shock is dehvered sun^taneously with an anti- 
dromic shock, m this case with the final antidronuc shock of the senes 
Agam as in 3E, the progressive decrease m the recurrent discharges is evi- 
denced, but the mitial stage reflex discharge is greatly mcreased over its size 
foUowmg a smgle antidromic voUey 

Figure 3 (G-J) repeats the experiment just descnbed with the exception 
that the orthodromic shock is dehvered approximately 0 6 msec later than 
the correspondmg antidromic shock By this device the reflex discharge 
IS kept withm the mitial stage or plateau penod, but it is sufficiently late 
to clear entirely the recurrent motoneuron discharge, thus avoidmg any 
confusion between the two discharges Records G and I of Fig 3 lUi^ate 
the soma potentials recorded foUowmg a smgle and two antidromic voUevs 
respectively Comparison of 3H and 3J shows that the recurrent discharge 
drops out, whereas the mitial stage reflex is enhanced as the soma potential 
18 depressed after an antecedent antidromic voUey 
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motoneurons In consequence the recovery curves obtamed by the use of 
sjuiaptic stunulation reveal two stages, the first nse bemg referable to axonal 
recovery of them motoneurons the somata of which are not activated by the 
antidronuc volley, the second to recovery of synaptic transmission through 
the motoneurons m which the antidronuc volley does occupy the somata 
The prominence of the imtial stage depends upon the number of moto- 
neurons m which the antidronuc volley fails to evoke a soma response 
Conduction m the neuron soma is accompamed by refractoriness 
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at a point farther from the cut end of the root lowered both ipsilateral and 
crossed thresholds to a common level comparable to that obtamed from the 
root of the opposite side 

In terms of crossed inhibition the evidence of asymmetry is scarcely less 

Fig 1 A Lead from the nght dorsal sur- 
face of the cord Condiboning shock of 110 
arbitrary units of stimulus strength to a left 
dorsal root Test shock of 30 units to a right 
dorsal root, both shocks at mterval of 27 msec 
Note the absence of inhibition even when a 
weak test volley is employed On this side there 
was no visible inhibition of digital flenon 

B Lead left Conditionmg shock right 110 
imits test shock left 60 umts, both shocks at 
mterval of 28 msec Note the marked inhibition 
of the cord potential The movement of digital 
fleiaon was inhibited completely with this com- 
tion of stimuh Macaco mulatto 3 kg right 
hemisection Dec 4, 1940, transection and recordmg Dec 26, 1940 

meager This was tested on both sides m nine experiments, m only one of 
which was there a significant difference, the previously paretic side provmg 
the more potent source of inhibition of both mtemuncial potential and re- 
flex (Fig 1) The more usual symmetrical situation (m t^ instance with 
shock to the crossed potential and no mteraction) is illustrated m Fig 2 

Fig 2 A Right dorsal lead, con- 
ditionmg shock of 68 umts to a right 
dorsal root, test shock of 68 units to a 
left dorsal root, both shocks at in- 
terval of 37 msec 

B The same combination of 
stimuh led from the left Shock mter- 
46 msec 

C Right lead, conditionmg shock 
of 34 umts to a left dorsal root, test 
shock of 18 umts to a right dorsal 
root, both shocks at mterval of 32 
msec 

D The same combination of stim- 
uh led from the left, shock mterval 29 
msec Note the evidence of spinal 
shock m the crossed potentials imd the 
absence of inhibition m all four col- 
umns Macaco mulatto 3 kg right hemisected May 22, 1941, transected and recorded 
June 10, 1941 

Far more predictable is the order of recovery of crossed reflexes The 
seventy of spinal shock m this field proved a senous limitation, smce it was 
essential to record soon after transection m order to obtam the highest avail- 
able degree of as3mimetry Consequently, only two of our monkeys so re- 
corded developed a crossed response In both instances it was ehcited m the 
musculature of the previously paretic hmb by a stimulus on the previously 
mtact side Of special mterest is an ammal recorded 41 days after herm- 
section but only a few hours after transection This is the only instance we 
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Introduction 

The reflex picture resulting from hemisection followed at a suitable inter- 
val by transection has been described by Fulton and McCouch (1) in the 
case of a single baboon and the cord potentials in the monkey have been dis- 
cussed by the present authors (5) Smce certain of the results we reported 
m 1940 have not been confirmed irmformly m a larger senes, we are impelled 
to reopen the subject 

Results 

In accord with earher results (1, 5), aU of our fifteen anim als recovered 
reflex activity more rapidly upon the side of previous hemisection On the 


Cord Potential 

Table 1 Ratio of Thresholds :;r~z 

tiejlcx 


Date 

Chronic 

Acute 

1 


3/ 7/39 

1 0-0 89 

0 42 

Both legs dissected 

6/20/40 

0 47 

0 

a u u 

12/26/40 

0 95 

0 51-0 36 

Legs not dissected 

3/ 4/41 

0 74 

0 37 

u a u 


other hand, mtemuncial potentials recorded from dorsal or dorsolateral 
surface leads yielded responses that rarely showed significant differences 
between the two sides When asymmetry did occur, it was far less marked 
in the potentials of mtemeurons than m the correspondmg reflex actions 
These pomts are mdicated by the difference m threshold between cord po- 
tential and ipsilateral flexor reflex presented m Table 1 m the form of a ratio 
In the previously monoplegic extremity this may approximate umty On the 
previously mtact side, the value for the threshold of the mtemuncial po- 
tential divided by that for the ipsilateral flexor reflex hes between 0 51 
and 0 

A high threshold for the crossed cord potential may occur on either side 
or upon neither and is frequently associated with a lesser rise m threshold on 
th e ipsil ateral side In one mstance, replacement of stimulatmg electrodes 
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Shemngton’s fundamental experiment of successive transections, of which 
the second failed to mduce a degree of depression comparable to that en- 
suing after the first (6) In this regard we merely confirm for the monkey the 
result of Fulton and McCouch (1) m a smgle baboon Refiexes are less de- 
pressed by transection on the side of the previous hemisection because the 
majority of the descendmg axons which facihtate their arcs had been severed 
by the precedmg hemisection and thus a longer mterval for recovery was 
obtamed 

The crossed effects are less obvious Here the result hmges upon the 
relative depression of the vanous neurons m a complex reflex path In pre- 
vious papers (2, 7) evidence has been advanced for the proposition that in 
the monkey spmal shock depresses the cells of the ventral horn (presumably 
the motoneurons) far more deeply than the mtemeurons situated more 
dorsaUy This conclusion is supported by the present findmgs If the last 
cells to recover be the motoneurons, crossed reflexes should find their earhest 
motor expression upon the side of previous hemisection where recovery is 
more advanced and m those umts which show least depression Such results 
as we have confirm this expectation Thus digital flexion, which is the first 
ipsilateral reflex to return is hkewise the first crossed response 

In the case of crossed excitatory reflexes just considered, it is essential 
for the mtemeurons on the side suffermg the greater depression to recover 
sufficiently to discharge the contralateral motoneurons With crossed m- 
hibitory reflexes such mtemuncial shock may be a significant factor m the 
order of recovery Another may he m the high susceptibfiity to inhibition of 
the motoneuron when its excitabihty is low (3) Both influences favor inhibi- 
tion from a source on the chrome side of previous hemisection actmg upon 
the motor cells of the more depressed side which has suffered almost its 
entire quota of shock after transection Here agam our smgle significant 
instance of such asymmetry accords with expectation 

Consonant with the evidence of the relatively light degree of shock to 
mtemeurons is the frequent absence of asymmetiy m then potential, even 
m its crossed component A high threshold for the crossed potential, though 
exceptional, may occur on either side and m one instance was lowered by 
adjustment of stnnulatmg electrodes We would not imply, however, that it 
never occurs as a result of asymmetry m depression of mtemeurons That 
such was actually the case m the instance cited m a previous paper (5) is 
strongly suggested by its long latency m that animal In a situation m which 
the result is detenmned m part by the magmtude of the volley m crossmg 
neurons, m part by the depression of the ceUs on which they unpmge, either 
of these opposmg factors may prove dommant and hence it is scarcely sur- 
pnsmg that the threshold should prove unpredictable 

Summary 

A senes of 14 monkeys (Macaco mulatta) and one Macacos mordax have 
been studied after hemisection and subsequent transection of the spmal cord 
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have observed of the presence of a crossed reflex giving gross movement m 
the absence of any visible ipsilateral response There had been no dissection 
of the legs Save for a lammectomy and section of a dorsal root on each side, 
the animal was mtact below the level of transection Various strengths of 
stunulus were employed of which a wide range yielded flexion of the contra- 
lateral toes Yet at no time was there movement or visible muscular con- 


Fig 3 Crossed extension of leg of chrome side 
Upper record Cord potential from left dorsal lead 
Lower record myogram of right quadriceps femons 
The records are not temporally aligned The stimu- 
lus mduced a single volley m the left sciatic nerve 
includmg delta fibers Presumably the abrupt onset 
of the potential is associated with the ipsdateral 
flexor reflex, the later, progressively mcreasmg re- 
sponse with the crossed extension recorded m the 
myogram Tune m cord potential m umts of 16 6 
msec Tune in myogram m umts of 0 2 sec Tension 
developed in reflex 130 g Macacus mordax 3 3 kg 
nght hemisechon Oct 18, 1939, transection Nov 9, 
1939, recordmg Nov 14, 1939 



0.2 SEC 


traction upon the side of stimulation Only by electrical records from muscle 
was a famt ipsilateral reflex demonstrable In sharp contrast was the re- 
sponse from the root of the previously paretic side sharp contraction of ipsi- 
lateral semitendmosus and no visible crossed response 

The other case of crossed contraction occurred five days after transection, 
when extensor motoneurons of the previously hemiplegic leg had recovered 
sufficiently to give the crossed response of quadriceps femons shown m 
Fig 3 

In these two animals the relation of the type of the crossed reflex to the 
mterval after transection raised the question whether m monkey as m cat 
(4) crossed flexion may recover from spmal shock earher than crossed ex- 
tensio n This suspicion was confirmed m a third monkey m which the crossed 
reflexes were ehcited by stimulatmg electrodes m the pads of the feet almost 
daily t hroughout the penod of as 3 mimetry Crossed flexion of toes occurred 
5 hours after transection and persisted for 7 days It responded to smgle m- 
duction shocks as weU as to repetitive stimulation Crossed extension of 
proximal jomts with flexion of digits was first obtamed two days later Dur- 
mg the foUowmg week the crossed extensor response mcreased and crossed 
flexion of digits decreased progressively Nme days after transection crossed 
extension occurred without movement of digits, although digital flexion was 
stiU readily induced as an ipsilateral reflex As in the two previous cases, the 
crossed reflexes were more readily ehcited m the chrome extremity from a 
stimulus on the acute side than vice versa 


Discussion 

The monkey m which hemisection is followed after a suitable mterval (1) 
by transection offers a useful preparation for the locahzation of spmal shock 
So far ns ipsilateral reflexes are concerned, the result was predictable from 
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Reflex recovery was always more rapid m the previously paretic ex- 
trermty 

Three ammals developed crossed reflexes on the chrome side m response 
to stimulation on the acute side Crossed flexion of digits was recorded a 
few hours after transection, crossed extension of the leg two or more days 
later 

Crossed inhibition may be more effectual when driven from the chrome 
side affectmg the acute side than vice versa 

Only exceptionally is asymmetry reflected m mtemimaal potentials, 
never to the degree obtammg m the correspondmg reflex responses 

The significance of the asymmetry observed is discussed m relation to 
spmal shock 
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This procedure led with great regularity to a loss of 80 to 90 per cent of the CJ m 
about 3 to 4 days After this level had heen eatahlished for at least 6 days, the rata were 
subjected to insuhn hypoglycemia in order to attempt a restoration of the c r 

Four to 10 umts of insulin (Lilly)* were injected intrapentoneally in two divided doses 
at an interveJ of one hour After the hypoglycemic effects described later had taken place, 
normal blood sugar and behavior were reestablished by injection of 5 cc of 8 to 12 per cent 
glucose 

Results 

Since insulin hjrpoglycemia tends to restore inhibited c r it was first 
necessary to determine whether or not inhibited c r recover spontaneously 
Numerous experiments performed by Kessler and Gellhom as weU as by the 
present authors show that this is not the case The followmg senes of expen- 
ments illustrates this finding 

Three rats m which the c r had been estabhshed and mamtamed at 90 
per cent for 3 days were tested for a penod of 25 days daily by 10 non- 
reenforced c s which were preceded hy two reenforced c s This procedure 
led to an inhibition of the c r in 3 to 6 days Hereafter the c r remamed at a 
level of 0 to 10 per cent for 25 days Only on one day was it found m one ani- 
mal that the c r rose to 20 per cent On the basis of these and similar expen- 
ments it is concluded that a recovery of more than 20 per cent is sigmficant 

The mam group of experiments comprises 22 rats m which the c r to the 
bell had been inhibited by lack of reenforcement The admmistration of 
msuhn resulted m a restoration of the inhibited c r , to varymg degrees, 
lastmg several days to several months In 5 animals these effects could not 
be obtamed but m most mstances these animals died before the msuhn test 
could be repeated severed times It is worthy of note that m the last 11 am- 
mals no failure was observed 

Two factors appear to be of importance for the recovery of inhibited 
c r by msuhn hypoglycetma (i), the degree of cerebral depression seems to 
play a role, (u), the results seem to depend to a certam extent on the method 
of mhibitmg and testmg the animal It was mentioned m the precedmg 
section that mhibitmg and testmg was done by havmg a period of 10 non- 
reenforced c s preceded by one or two reenforced stimuh (belH-shock) It 
IS our impression that the use of two reenforced stimuh is of defimte advan- 
tage This procedure does not prevent gradual abolishment of formerly es- 
tablished c r and stiU mamtains the animal dunng the period of complete 
inhibition of the c r m a sufficient degree of alertness to permit recovery 
It IS with this method that a 100 per cent success was achieved m the last 11 
animals although m control nmmala not subjected to msuhn the c r never 
recovered spontaneously 

The description of a few characteristic experiments wdl show that the re- 
covery depends also on the seventy of the hypoglycemic syndrome Hypo- 
glycemic symptoms occumng withm two hours followmg the mjection of 
msuhn may be classified mto three convement groups (i) msuhn depression 
charactenzed by absence of spontaneous movements, diminished tone of 

* Kindly supplied by Eb Lilly and Company 
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Kessler and Gellhom (4) showed recently that convulsions induced by 
naetrazol or by electroshoch led to the restoration of previously inhibited 
conditioned responses After several injections of metrazol or after electro- 
shock conditioned responses which had been completely inhibited by lack 
of reenforcement were restored up to about 70 per cent The period of res- 
toration lasted for several days durmg which conditioned responses gradu- 
ally dechned The eflFect could be shown repeatedly m the same anunaL 
An investigation of the effect of hypoglycemia under similar conditions 
seems to be of great mterest for 3 reasons (i) to mcrease our knowledge of 
the effects of insulin hypoglycemia on the brai n m chrome experiments, (n) 
m order to determine whether the restoration of inhibited conditioned re- 
sponses results from convulsions only, (m) m order to obtain, if possible, 
further material suggestmg the fundamental sunilanty of the physiological 
mechanisms mvolved m various forms of shock therapy (1, 2, 3) 

The experiments reported m this paper show indeed that msuhn h 5 rpo- 
glycerma may restore, to a surpnsmg degree, previously inhibited condi- 
tioned responses 

METHOD 

The ejqienments were performed on more than 40 rats, mostly male, of 200 to 250 g 
weight The same apparatus as described by Kessler and Gellhom (3) was used It con- 
sisted of two compartments separated by a low partition The floor of the compartment 
was made of copper wire grid which could be charged through a General Electric Vanac 
A few trials were sufficient to cause the rat to jump from one compartment into the other 
in response to the electric shock (about 40 V ) appbed to the gnd The response consisted of 
two integrated movements first, the rat jump^ across the partition, then turned around 
completely and again faced the partition in readiness for another jump 

After the unconditioned response (u r ) had been established m a few trials the 
conditioning process was earned out as follows a bell was sounded for two seconds and 
was foUoived by an electneal shock The sound of the bell was continued to the end of the 
electrical stimulation To a\oid fatigue, not more than 25 to 30 reenforced conditionmg 
stimuli (bell plus shock) were applied in one session The experiments were performed 
daily and in general 70 to 120 stimuh (hell plus shock) were adequate to establish a condi- 
tioned response of 90 to 100 per cent This response was then mamtained for three suc- 
cessive dajs, to insure a thorough retention of the conditioned response (cj- ) This was 
accomplished by subjecting the animals to 7 to 12 conditioned stimuli (c^ , bell) reen- 
forced by unconditioned stimuh (u^ , shock) before applymg the test senes of 10 non- 
rccnforced cji 

Hereafter the c r was inhibited by the daily appbcation of 10 unreenforced c 3 (in- 
hibition by lack of rocnforcement in the sense of Pailoi) Howeier, this test was always 
preceded by one or, in the majority of the experiments, two reenforced stimuh In the 
latter case one was applied while the ammal was in compartment A and the other m the 
compartment B in order to avoid the formation of positional habits 

* Aided bj a grant from the John and Mary R Marklo Foundation 
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inhibited responses up to 100 per cent This experiment suggests that insuhn 
coma 18 more effective m restormg the c r than is the hypoglycemic "depres- 
sion ” Moreover, it appears probable that msuhn coma exerts a cumulative 
effect on the central nervous system smce the coma becomes more effective 



Fig 2 Comparison of the action of insubn convxdsions with that of coma General 
arrangement as m Fig 1 At the arrows 10 umts of insulin per /kg were given which re- 
sulted in convulsions on the 9th, 12th and 14th days Insuhn convulsions were ineffective 
The rat was then reconditioned and hereafter inhibited Two comas (34th and 36th day) 
led to a permanent restoration of the conditioned response C v m figure stands for convulsion 

on repetition By properly tuning the coma it seems to be possible to per- 
manently restore the inhibited c r 

The first graph of Fig 2 shows that 3 msuhn convulsions did not sig- 



Fig 3 General arrangement as in Fig 1 Insuhn "depressions” were meffective 
whereas even a smgle coma caused temporary recovery (A, B, C) Permanent recovery 
was affected by two comas induced on the 44th and 46th day 

nificantly alter the state of inhibition The animal was then reconditioned 
and remhibited (second graph of Fig 2) The rat was agam subjected to m- 
Buhn The first msuhn mjection caused shght convulsions and was not effec- 
tive, the second mduced a coma and was followed by a prompt recovery 
which lasted for 22 days until the death of the animal 
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extremities, slow righting reflexes and salivation At this stage the rat reacts 
to pam but not to slight pressure, (n) msuhn coma m which righting reflexes 
and reactions to painful stimuh are abohshed, (ni) tomc-clomc h 3 rpoglycemic 

convulsions , r ^ i /-> 

Ordmanly, these stages followed each other m bnef mtervals Occa- 
sionally, however, convulsions occurred very suddenly without having been 
preceded by a comatose phase 

The convulsive phase had to be termmated unmediately smce an at- 
tempt to keep the ammal m this condition resulted m death m most m- 



Fig 1 Effect of insulin hypoglycemia on the restoration of previously inhibited condi- 
tioned reactions Vertical lines at the beginning of the graph show the number of reenforced 
conditioned stimuli (bell plus shock) which established the conditioned response It was 
maintained for three days at 70 to 80 per cent and then inhibited by lack of reenforcement 
On the 12th day 4 units/kg of insidm were given intrapentonrally, on the other days 
marked by an arrow 5 umts/kg were administered The experiment showed that hypo- 
glycemic "depressions" were unable to restore the conditioned reaction but coma caused 
recovery Note the cumulative effect of three comas given between the 30th sind 40th day 


stances The coma was allowed to persist for about 7 mmutes smce after this 
penod convulsions ensued frequently The penod of depression was of 
similar duration 

In Fig 1 it IS shown that the mjection of msuhn leadmg to a depression 
on the first two occasions did not alter significantly the c r of the inhibited 
rat Several days later msuhn was agam mjected and resulted m a deep coma 
which was without effect on the c r However, 4 days later when the mjec- 
tion of msuhn resulted again m coma the c r recovered up to 70 per cent 
When 8 days later the c r had returned to the level of 10 per cent, 3 more 
comas were produced by msuhn, the second followed the first after 3 days 
and the third followed the second after 7 days The results show very strik- 
ingly a recovery of the c r to 100 per cent which is only shghtly dimmished 
some days later because the subsequent insulm comas tend to restore the 
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cent m spite of the complete lack of reenforcing stimuh The penod of testing 
was interrupted for one month without altermg this record 

In two more animals a complete recovery was observed for 80 and 90 
days respectively at which tune the experiment was discontmued In another 
animal repeated msuhn mjections led to a restitution of the inhibited re- 
flexes for more than 30 days and then a gradual dechne occurred 

The expenments prove conclusively that by properly spaced insulin 
comas inhibited conditioned reflexes can be permanently restored Moreover, 
this effect contmues m spite of the fact that the “permanently recovered” 
rats do not at any time receive the reenforced c s They jumped from one 


Table 1 Specificity of the recover^' of the conditioned 
response after insulin coma* 


Rats 

Application of 6 Sound Stimuli (A) 
from Oscillator Followed by 10 
Bell Stimuh (B) 

Application of 5 Stimuh B (bell), 
foiloned by 3 Sound Stimuli A, 
followed by 5 Stimuh B, followed 
by 2 Stimuli A 

1 

Days 

No of Reap 
to Sound A 

No of Resp 
to Bell B 

Days 

No of Resp 
to Sound A 

No of Resp 
to BeU B 


1 

0 

10 

1 

0 

10 

11 

2 

0 

9 

2 

0 

10 


3 

1 

10 

3 

1 

10 


1 1 

1 0 


1 

0 

1 10 

13 

2 

I 0 

10 1 

2 1 

0 1 



! 3 

1 

0 

10 

3 

0 1 

10 


1 

1 



0 

10 

14 

2 

0 1 



1 

10 


3 I 

0 1 

IQI 


0 

10 


1 

0 

8 

1 

0 

10 

16 

2 

1 

10 

2 

0 

9 


3 

0 

10 

3 

0 

9 


* All rats had been previously conditioned only to the "bell” and not to the sound of 
250 vibrations produced by an oscillator 


compartment mto the other before the shock which was customarily apphed 
after an mterval of two seconds could become effective 

The observation that rats m which the c r had been inhibited show a 
restitution of this response either temporarily or permanently foUowmg m- 
Bulm treatment raises the question whether this effect is due to a dismhibi- 
tion of these animals or is simply the result of a generally mcreased excita- 
bflity which mduces the animal to jump m response to the beU Two senes 
of expenments were performed to decide this question In the first, 3 normal 
rats which had not been previously conditioned were subjected to two msuhn 
comas on alternate days and tested daily for 15 days foUowmg msuhn coma 
The results showed that although aU these animals were tested m exactly 
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In the experiment reproduced in Fig 3 the sequence of msuhn depression 
and coma was reversed and xmder these conditions hypoglycemic depression 
faded hkewise to restore the inhibited c r In this animal a smgie coma was 
sufficient to produce a marked but temporary recovery This effect was re- 
peated twice before the effect of hypoglycemic depression was studied Al- 
though each msuhn coma brought about a recovery of 80 or 90 per cent, 
even 3 msuhn depressions faded to alter the c r significantiy A coma ad- 
ministered subsequently caused an effect simdar to those obtamed earlier in 
the same animal The experiments show that insuhn hypoglycemia leadmg 
to depression only was completely meffective m this animal 



Fig 4 TemporaryaudpennanenteffectsinducedbylOunitsof insulin per Lg at the arrows 


After the effect of the third coma (C) had passed off insuhn was mjected 
on two alternative days leadmg m each case to coma The effect was very 
strikmg Not only did it lead to a recovery of the inhibited c r but this effect 
was also mamtamed for about 3 months Durmg this tune the animal was 
frequently tested with 10 non-reenforced c s which were not preceded by the 
customary reenforced stimuh But even this procediue faded to mduce any 
inhibition m this animal 

A simdar case of permanent recovery of previously inhibited c r is illus- 
trated m Fig 4 There are, however, mdividual featiires m this experiment 
which are worthy of mention The first msuhn mjection led to convulsions 
and was without effect The second and third msuhn mjections produced 
coma which led to a temporary recovery for two days only After this effect 
had completely disappeared, two more insuhn comas were given which re- 
sulted m a recovery of distmctly greater duration This cumulative effect 
may be responsible for the fact that a smgie coma given later (C) produced 
an effect at least as great as the first two comas had ehated In addition, 
it was found that there was a gradual mcrease m the number of positive c r 
occumng between the 8th and 13th day after the last coma At that time the 
animal was very alert and was agam subjected to msuhn which led only to a 
depression However, this "treatment” was followed by a marked recovery 
which proved to be permanent The animal was observed for more than two 
months foUomng the last insuhn mjection C r were mamtamed at 100 per 
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are therefore not utihzed for averaging the results Table 2 shows that when 
20 reenforced stimuh are given following the injection of sahne, the condi- 
tioned response was on the average 20 per cent, the individual values varying 
between 10 and 20 per cent The e\penmental group injected with msuhn 
was given on the average only 15 reenforced c s , but m spite of this lesser 


Table 2 Effect of Insulin Hypoglycemia on Partially Conditioned Rats 

A Controls 


Animals 

No ofBeU 
-fShock Ap- 
phed for Par- 
tial Condi- 
tiomng 

Amount 

Sahne 

Injected 

No ofBeU 
-fShock Ap- 
phed after 
2nd Sahne 
Inj 

Total No 
BeU -fShock 
Apphed 

Conditioned 
Response 
on Testing 

1 

95 

0 6 cc 

20 

115 

40% 

2 

77 

0 6 cc 

20 

97 

30% 

3 

60 

0 6 cc 

20 

70 

10% 

4 

63 

0 5 cc 

20 

73 

20% 

6 

81 

0 6 cc 

20 

101 

40% 

6 

110 

0 6 cc 

20 

130 

0% 

7 

66 

0 6 cc 

20 

75 

20% 

8 

31 

0 6 cc 

3 

34 

90 %• 

9 

82 

0 5 cc 

20 

102 

0% 

Average 

76 


20 

95 

20% 


B Insulin-Injected Rats 


Am- 

mals 

No of 
BeU-h 
Shock Ap- 
phed for 
Partial 
Condi- 
tiomng 

Amount 
Insuhn 
Injected 
in u/lolo 
Wt 

Effect of 
First 
Insuhn 
Injection 

Effect of 
Second 
Insuhn 
Injection 

No of 
BeU + 
Shock Ap- 
phed after 
Insuhn 
Coma 

Total 
No of 
BeU-h 
Shock 
Apphed 

Condi- 

tioned 

Response 

on 

Testing 
Per cent 

1 

22 

I 10 u/kilo 

Coma 

Coma 

7 

29 

100* 

2 

70 

1 10 u/kilo 

Depression 

Coma 

20 

90 

100 

3 

66 

10 u/lolo 

Coma 

Coma 

10 

66 

90 

4 

83 

10 u/kilo 

Coma 

Coma 

16 

98 

100 

6 

82 

5 u/kilo 

Depression 

Coma 

20 

102 

80 

6 

116 

6 u/lolo 

Depression 

Coma 

15 

130 

100 

7 

95 

10 u/kilo 

Depression 

Coma 

20 

116 

0 

8 

60 

4 u/lolo 

Coma 

Coma 

10 

60 

100 

9 

61 

4 u/kilo 

Coma 

Coma 

10 

61 

90 

Average^ 

76 , 




15 

90 

82 6 


* Not included in the average 


degree of training the c r amounted to 82 5 per cent There was only one 
Brum al in the experimental group m which the conditioned response was not 
established 

It was mentioned earher that we had m each group a rat which could be 
conditioned more easily than most animals and it was therefore, decided to 
exclude these animals from the average Both rats showed clearly complete 
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the same manner as the rats descnbed m the preceding section, they did not 
react at all to the sound of the bell These results, therefore, are conclusive 
in showing that animals which never have been conditioned before do not 
spontaneously respond to the sound of the beU even though they have been 
subjected to insuhn coma Apparently, the msuhn “treatment” can become 
effective only after the c r has been previously induced and then inhibited. 

In a second group of experiments the question was mvestigated whether 
the restitution of the c r was specific for the previously inhibited c s or 
whether a positive response would result from the apphcation of other stim- 
uh as well The experiments of Table 1 show that when insuhn coma had 
resulted m a complete recovery of the previously inhibited c r to the beU 
almost no positive response was obtamed when a sound of about 250 vibra- 
tions (S-250) was substituted for the beU Experiments on 3 more animals, 
not mcluded m Table 1, showed a similar result In two of them the a n i m als 
had been inhibited to the bell and showed restitution of the c r after msuhn 
No reaction to S-250 occurred In a third experiment m which the c r to 
bell and to S-250 had been inhibited the response was restored to both c s 
by msuhn It was foimd also that a fight which was not previously used as 
c s was completely meffective although m other experiments m which the 
rat had been conditioned to fight this reaction could be inhibited and then 
restored by msuhn It may, therefore, be concluded that msuhn coma re- 
sults m disinhibition of previously inhibited conditioned reflexes 

In view of the results descnbed m the precedmg paragraphs the impor- 
tant question arises whether the action of msuhn coma on conditioned re- 
flexes consists only m the removal of mhibitions, or whether under the 
influence of insuhn coma exatatory reactions which are the basis of condi- 
tionmg processes are likewise influenced In order to decide this question a 
group of experiments was performed on the effect of msuhn coma on partially 
conditioned rats Two groups of 9 rats were chosen for this experiment 
Whereas m the mam experiments descnbed previously the rats were condi- 
tioned until they responded with the c r m nearly 100 per cent to the c s 
the "partially” conditioned rats were tramed only up to the tune when 
then behavior mdicated that the conditionmg process had begun After van- 
ous tnals the following procedure was chosen The rats were subjected for 2 
to 5 days to not more than 25 reenforced c s (bell -f shock) on each day 
As soon as the anunals jumped twice m succession m response to the c s 
before they were stimulated by the u s the trammg penod was termmated 
This occurred on the average, after 75 reenforced c s had been applied 
Then the rats of one group were mjected with 0 5 cc saline on alternate days 
and rats of the experimental group were given msuhn on two alternate days 
On the following day 20 bell -i-shock stimuli w'ere applied and then 10 non- 
reenforced c s were given m order to ascertam the state of conditionmg In 
each of the two groups there w'as one anunal (-8 of the control and «1 of the 
expenmental group) in which the conditionmg reaction was established with 
an unusually small number of combmations of c s and u s These animals 
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However, the chronic effect of insulin hypoglycemia on the brain is not 
restricted to the ehimnation of mtracentral inhibitions of the Pavlovian 
type The experiments on partially conditioned rats show also that the ex- 
citatory processes winch form the basis for the establishment of c r are 
facihtated This is shown by the fact that insulm administered during the 
trainmg penod greatly enhances the formation of c r It is of mterest to 
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• • • 
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Fig 5 Relative efficiency of insuhn "depression,” coma, and con- 
vulsions on the restitution of previously inhibited conditioned re- 
sponses The ordinate refers to the increase m the percentage of the 
conditioned response foUowmg administration of insulin 


pomt out that the chrome effects of insuhn hypoglycerma are similar to those 
described by Kessler and GeUhorn (4) for metrazol and electroshock 
Whether it is possible to mduce a permanent recovery with these last two 
procedures has not yet been mvestigated, nor is it known whether these 
convulsive procedures e nhan ce the formation of c r as has been shown for 
insuhn m the present mvestigation 

The data presented m this paper as well as m the mvestigations of Kessler 
and GeUhom (4) suggest that central sympathetic excitation which is com- 
mon to all three procedures (1, 2, 3) may play an important part m the ex- 
planation of the altered behavior of man and animals subjected to various 
forms of "shock therapy ” It will be the task of further studies to detenmne 
the neural structures which are necessray for the disi n hibition of conditioned 
reactions by means of inanhn coma or experimentally mduced convulsions 



169 


EFFECT OF HYPOGLYCEMIA REFLEXES 

conditioning in the control as well as m the expeninental group The fact 
that under control conditions an average of 95 combinations of c s and u s 
led m 8 anunals to c r of only 20 per cent, whereas, 90 combmed u s and c s 
led m the same number of animals to a c r in 82 5 per cent when the animals 
had been subjected to two insuhn hypoglycemias shows clearly that the 
chrome effect of insnhn hypoglycemia is not restneted to its action on mtra- 
central inhibition but affects likewise those excitatory processes which are 
the basis of the establishment of c r 

Discussion 

In 1938 Rose, Tainton-Pottberg and Anderson (5) published a report 
on a smgle sheep m which after a conditioned reflex had been lost spontane- 
ously this reflex was restored foUowmg a senes of insuhn shocks The present 
report is a confirmation and extension of this work It has been shown m 
normal rats that permanently inhibited conditioned reactions may be re- 
stored by means of msulm h 3 rpoglyceniia The effect of insuhn was cumula- 
tive m as much as two to three comas were almost regularly effective where- 
as one coma frequently failed to alter the inhibited conditioned reactions 
The duration of the effect was variable Properly timed msuhn comas re- 
sulted m a permanent recovery of the inhibited conditioned reactions The 
behavior of the animals thus influenced was altered They seemed to be 
more alert than pnor to the "treatment ” Moreover, the apphcation of the 
non-reenforced c s to these "permanently recovered" animals faded to mduce 
any inhibition as it regularly did m aU animals not subjected to msuhn hy- 
poglycerma When insuhn coma faded to effect a permanent recovery of the 
era temporary restitution of the c r lastmg several days was observed It 
wdl be of mterest to detenmne the factors underlymg these mdividual differ- 
ences 

It was mentioned earher that the chmeal syndrome resultmg from the 
admimstration of msuhn may be classified as depression, coma, or convul- 
sion Figure 5 gives a survey of all the results thus far obtamed It shows 
clearly that msuhn coma is very effective whereas convulsions only infre- 
quently restore inhibited c r As to hypoglycemic depression it may be said 
that it 18 mostly meffective One mstance m which a significant mcrease m 
c r could be observed is that seen m Fig 4 m which the c r were already 
partially dismhibited as a result of previously administered msuhn comas 
Such an effect has been observed once more subsequently under sundar 
conditions 

The fact that msuhn coma restored inhibited c s was mterpreted as 
being due to dismhibition of c r This mterpretation is justified on the basis 
of two sets of experiments In the first it was shown that insuhn coma faded 
to cause any measurable effects m rats which had not been conditioned pre- 
viously, secondly, the reaction was specific in as much as the rats showed a 
positive response to the bell to which they had previously been conditioned, 
but failed to react to other sounds or visual stimuh 
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StJMMAKY AND CONCLUSION 

The chrome effect of msulm hypoglycemia on the central nervous ^stem 
has been studied by means of conditioned reactions 

Normal rats winch jump from a compartment A across a small partition 
to a compartment B m a response to an electric shock apphed to the grid of 
the compartment (unconditioned response) are framed to react in a similar 
way m response to a conditioned stimulus (beU) This reaction is inhibited 
by lack of reenforcement Under such conditions no spontaneous recovery 
occurs but msulm h 3 rpoglycemia restores the inhibited conditioned response 
The action of msuhn is cumulative and may lead to a permanent recovery 
This effect of msuhn depends upon the number of msulm administrations 
and the degree of hypoglycemia, coma bemg the most effective procedure 
The reaction is specific since no positive responses are ehated when stunuh 
are used to which the animal had not been conditioned previously 

The chrome effects of msulm coma are not restneted to dismhibition of 
conditioned responses but influence also the excitatory processes which are 
the basis of conditiomng This is shown by the fact that a partial condition- 
mg leadmg to an average of only 20 per cent positive responses m the control 
group causes 82 per cent conditioned responses m the experimental group 
subjected to two msulm hypoglycetmas durmg the traimng penod 
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placed at the start again This 15-second interval insured that the recent memory hemg 
tested was of at least this duration Eleven trials each day were given in order that ten op- 
portumties to alternate be provided Preoperative testa consisted of six such days, thus 
allowing a maximum of 60 alternations At the end of this time the scores of aU animals were 
examined and those animals were discarded which had not alternated 36 or more times, 
that IS, 60 per cent of the possible number, and that percentage which is significantly dif- 
ferent, statistically, from 50 per cent Six of the 24 animals did not reach this criterion and 
were dropped from further study The remaining 18 were then subjected to operation 

The operative technique was a modification of the method of thermocoagulation pre- 
viously described by Finley (4) The operative instrument was an electric soldermg iron 
whose tip was cut down to present a round flat surface 3 mm m diameter This tip was 
apphed to the surface of the skull bones after an incision had been made, under ether anes- 
thesia, in the skin and cranial musculature By varying the position on the top of the skull 
and by regulating the time and temperature of the apphcation according to calibrations 
previously worked out on trial animals, lesions could be made in the cortex in almost any 
desued position and of an appropriate size The resulting lesions were almost perfectly 
circular m shape, were clearly demarcated from surrounding intact tissue, and were free 
from the mechanical distortion which often accompanies the use of a thermocautery ap- 
phed directly to the cortex In addition to these features, the technique has the advantage 
of producing much less operative shock than methods requiring trephining of the skull 

The animals were kept upon the 24-hour feeding schedule over the operative and recov- 
ery period so that there would be no changes m motivation to disturb postoperative testmg 
This was begim 7 to 10 days after the operation, and like the preoperative tests, was 
conducted for 6 days at 11 trials per day In a few instances animals were run 21 trials per 
day, thus allowmg 20, rather than 10, alterations, but analysis of the records shows that 
this had no effect upon the final results One animal died three days after operation and 
thus did not enter upon postoperative tests 

Upon conclusion of these tests, animals were kept ahve for one month or more after 
the operation before removing their brains This was done immediately upon death under 
ether and the brains were placed in 95 per cent alcohol for two weeks After fixing and be- 
fore blocking, the position and extent of the lesions were determmed in each case by usmg 
dividers and drawmg the lesions upon standard diagrams prepared by Lashley (11) In 
view of the fact that the operative technique produced cleanly demarcated lesions without 
distortion in the shape of the bram, this method of reconstruction was just as accurate as 
that done from histological sections, except that damage to subcortical nuclei could not be 
seen in this way Previous studies of the effects of the time and temperature of the thermo- 
coagulation, however, had already indicated that no subcortical damage, except in case of 
infection, was to be expected 

Results 

The pre- and postoperative performances on the delayed alternation 
tests, as well as a specification of the position and extent of the lesions m 
each case, are summarized m Table 1 In order to make the results readily 
understood, the rats have been arranged and numbered approximately in 
the order they were affected by the operation Rats 1 and 2, for example, 
were most affected and rats 16 and 17 least affected by the operation 

Table 1 gives the pre- and postoperative performance of each rat and 
Fig 1 shows the position and extent of each lesion as ascertamed after re- 
moval and fixmg of the bram It will be seen m Table 1 that there was some 
fallin g off m postoperative performance of every smgle animal irrespective 
of the kmd of cortical lesion inflicted In many cases the reduction was 
shght, yet there is no exception to the rule This fact may mdicate one of 
two conclusions either that there is a general tendency for spontaneous al- 
ternation to decrease as animals have run more and more trials or that a cor- 
tical mjury of any kmd reduces somewhat the amount of alternation 
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Despite the fact that the memory of maze performance m rats is not de- 
pendent upon ctny specific areas, recent experiments by Stellar, Morgan and 
Yarosh (20) have shown that a maze-performance, which excludes the use 
of external cues and requires symbohc processes, depends upon the anterior 
cortical areas remaimng mtact This findmg parallels the special role of the 
prefrontal areas of primates m controlling the mech anis ms of recent memory 
and the synthesizmg of a senes of acts (9), and mdicates that m the rat, 
as in primates, there may be specialized "association” areas 

As a further attack upon this problem we have selected another be- 
havioral test, the delayed alternation, which requires the use of immediate 
memory, and have detenmned how it is affected by the removal of vanous 
cortical areas An early study by Loucks (13) made use of a s im ila r test and 
mdicated that lesions of the "prefrontal” areas abolished abihty to pass it, 
but his experiments failed to provide sufficient assurance that the same re- 
sults might not also be obtamed by lesions m other areas, and for this reason, 
as well as for verification, it seemed profitable to remvestigate the problem 

METHODS 

A number of years ago Hunter (8) de\Tsed the delayed reaction test of recent memory 
and the rat’s performance on the test was subsequently studied m se\ era] experiments (16). 
A large number of trials was required to learn it, however, and at best rats never did very 
well, these two factors tended to discourage the use of the test m opera tiv e studies 

Recently Heathers (7) and others (2, 3) have described a phenomenon of spontaneous 
single alternation in rats, which involves the use of recent memory and serves the purpose 
of the present study Rats are simply run on a T-maze in which both choices are rewarded, 
and once they hav e become familiar with the apparatus, they begm spontaneously to alter- 
nate, taking first the left alley, then the right, then the left, and so on There has been 
considerable discussion as to why rats do this, but that need not concern us The fact is 
that they do, and that in order to alternate at higher than a chance level they must remem- 
ber what turn they took on the prev lous trial Thus immediate memory', and not any habit 
learned ov cr a senes of tnals, must be the basis of the alternation 

In the present study a T-maze of the following specifications was used elevation, 30 
inches above the floor, width of path, 2 inches, length of starting arm, 24 inches, length of 
each side arm, 18 inches Purina dog chow, mixed with water to make a mash, was present 
at the ends of both arms at all times 

Twenty-four brown rats were begun in the expenment They were first put on a 24- 
hour feeding schedule and allowed enough food (Punna mash) in each feeding penod to 
bring them down in weight to a point where they would be healthy but highly motivated 
This schedule was maintained for a week Then on the eighth day they were placed, two at 
a time, on the maze and allowed to explore and eat for a half-hour Finally, on the ninth 
day regular tesla of recent memory were run They were placed on the start and allowed, 
without any forcing or mterfercncc, to choose either arm of the T to get food They were 
allowed I’i seconds of eating, clocked on a stop witch, before being taken from the arm and 
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Fig 1 Maps of the lesions sustained by the 17 rats tested on delayed alternation 
Group A (Nos 1-6) consists of animals whose behavior was greatly affected by operation, 
Group B (Nos 7—11) of animals with small or doubtful postoperative disturbances, and 
Group C (Nos 12-17) of rats not affected significantly by operation 
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Experimental evidence available at the present tune does not allow us to 
decide defimtely between these possibihties, although there is some indica- 
tion (7) that smgle alternation tends to dechne somewhat with time 

Smce the purpose of this study is to determme whether or not capacity 
for smgle alternation is "locahzed,” the over-aU decrement in performance 
18 important only because some allowance should be made for it m consid- 
ermg how senously operations affected the alternation Takmg this tendency 
mto consideration, the cases may be divided mto three groups Group A, 
consistmg of 6 animals (Nos 1-6), m which alternation was almost com- 


Table 1 Percentage of single alternation in 60 preoperative 
and 60 postoperative Trials 


Group A 

i 

Group B 


Group C 


Prefrontal Lesions | 

Various Lesions 

Occipital Lesions 

Rat No j 

Pre- i 

Post- j 

Rat No 1 

Pre- ' 

Post- 

Rat No 1 

Pre- ! 

Post- 

1 1 

80 

10 1 

7 ' 

75 

25 

12 i 

67 1 

57 

2 1 

83 

1 13 

8 1 

70 

28 

13 

70 j 

J 60 

3 

62 

0 

9 

70 

41 

14 

75 

' 65 

4 

77 

16 

10 

78 

55 

1 15 1 

68 1 

1 62 

6 

68 

10 

11 

! 82 , 

70 

1 16 1 

62 

1 58 

6 

77 

19 


1 


' 17 

62 

I 58 


pletely abohshed and was, m any case, reduced below the 50 per cent level 
expected of ammals makmg their choices completely at random, Group B, 
made up of 5 animals (Nos 7-11), m which the operation was of Jess con- 
sequence, and Group C, compnsmg 6 animals (Nos 12-17), whose post- 
operative performance was not significantly reduced These may be desig- 
nated the affected (A), doubtful (B), and unaffected (C) groups respectively 
For purposes of ex-position, we may divide the rat’s cortex mto four 
general areas, delimited by the numbered levels on the prepared diagrams, 
and assign them names comparable to roughly correspondmg areas m the 
primates prefrontal areas, levels 1 to 4, frontal areas, levels 4 to 9, panetal 
areas, levels 9 to 13, and occipital areas, levels 13 to 18 

The lesions sustamed by animals of Group A are shown m the left hand 

column of Fig 1 In every smgle case, it is to be noted, the prefrontal quarter 

of the cortex is sigmficantly implicated In the two most affected cases, the 
lesion 18 squarely at the antenor poles In three other less affected cases, 
some of the more postenor frontal ("motor”) areas are mvolved, but all of 
them overlap the prefrontal areas somewhat 

The unaffected animals in Group C all have lesions m the postenor cor- 
tex, in most cases overlapping the visual areas, and safely out of the central 
dorsal region subserving motor functions They present positive proof that the 
occipital areas are not necessary to the functions mvolved m spontaneous 
single alternation ^ 
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distance-discnmmation test of S 3 rmbobc processes was studied, it was pointed 
out that the critical areas for symbohc functions in the rat, although not well 
defined, tend to he in the fields of projection of the anterior and medial 
divisions of the ventral thalamic nucleus The same statement can be made 
from the present findmgs It should be noted, however, that the projections 
of the dorsomedial thalamic nucleus also project to this region of the cortex 
(11) In primates this nucleus projects to areas 9, 10 and 12 of the prefrontal 
lobe (21) and degeneration m it is associated with the psychological phe- 
nomena of prefrontal lobotomy m human individuals (5) It is logical, there- 
fore, to suppose that the effects upon recent memory which are here reported 
depend upon the projection field of the dorsomedial nucleus There are, 
unfortunately, no comprehensive studies of the exact areas served m the 
rat by this nucleus, but only observations based upon a few cases (11) 
Takmg these observations, however, and also the result of this and the pre- 
vious study (20), there is now good reason to beheve that there exists m the 
rat a prefrontal area which is roughly comparable anatomically and m the 
behavioral functions which it serves to the prefrontal "association” areas 
of man 

Lashley’s earher studies (12) of cortical areas mvolved m maze learmng 
yielded no evidences of functional localization m the rat’s cortex The num- 
ber of psychological elements concerned in maze learmng, however, is so 
great that this rmght be true despite relatively discrete functional local- 
ization of different specific capacities Studies, moreover, m which less com- 
plex behavioral performances have been considered, have tended on the 
whole to mdicate a hmited locahzation of functions The striate area is 
necessary for visual pattern discnmmations (10), a temporal area for certam 
auditory discnmmations (6, 17, 22), a dorsal "motor” area for hoppmg and 
placmg reactions (1), a more frontal fU’ea for motor coordination (14) and 
for hand preference (18), and another dorsolateral area for tactual discnm- 
mation (19) Now, to this hst should be added a prefrontal "assoaation” 
area for recent memory 

It may turn out upon further study that the loss foUowmg removal of 
this prefrontal area is not so much of recent memory as it is of the abihty 
to mamtam a set m the face of distraction That at any rate has been the 
case m the pnmate studies Prefrontal lobectomized monkeys are capable of 
solvmg delayed reaction tests if precautions are taken to see that the animal 
IS not distracted dunng the delay (16), whereas imder ordmary circum- 
stances the capacity is abolished by prefrontal lobectomy (9) In our ex- 
periments animals were open to considerable distraction durmg the delay, 
they were picked up from the feeding dish, moved to a chair where they 
remamed durmg the delay while the experimenter was movmg around and 
recordmg the results of the previous trial, and then finally picked up and 
set down on the start agam Thus our experiments rmght very well find 
recent memory disturbed by the operations when the more fundamental 
factor IS abihty to withstand distractmg influences In further experiments 
the attempt can be made to separate these two factors from each other 
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The picture presented by Groups A and C is perfectly clear and con- 
sistent, and it calls for the "locahzation” of the capacity of delayed single 
alternation in the anterior cortical areas Group B, the doubtful animals, 
presents some difBculties, however One case in it, No 8, falls in line with 
the other results, for it shows a postoperative decrement which is probably 
significant and its lesion is largely prefrontal Case No 9, however, has httle 
mvolvement of the prefrontal region, yet it shows a moderate, but signifi- 
cant, postoperative loss From it we might suppose that the frontal motor 
areas also function m recent memory Case No 7, on the other hand, shows 
a loss almost as great as those in Group A, and its lesion is m the parietal 
areas Case No 10 is hke it m respect of position of lesion, but the loss m 
behavioral performance which it sustamed, though probably significant, is 
less defimte One animal m Group C (No 15), on the other hand, has almost 
the same type of lesion as Nos 7 and 10, and it shows no postoperative 
deficit Thus, the parietal lesions do not give consistent behavioral effects 
Case No 11, m Group B, is the last to be considered It shows hardly any 
postoperative loss, but its lesion is prefrontal It is, m fact, the only one of 
9 cases with prefrontal mvolvement that was not significantly unpaired by 
the operation It may be pomted out, however, that the size of its lesion 
was small compared to the other prefrontal cases, and an inspection of the 
depth of the lesion, m addition, mdicates that it probably does not penetrate 
the entire cortex Assuming, then, that a reasonably large area of the pre- 
frontal cortex IS mvolved m the recent memory function, it might be said 
that this case left enough of the critical area mtact to allow it to function 
without significant impairment 


Discussion 

Makmg allowances for the superficial lesion of case No 11, two defimte 
conclusions can be drawn from the present results destruction of the pre- 
frontal areas abolishes passable performance m the delayed alternation test, 
and lesions of the occipital areas have no significant effect upon such per- 
formance 

The role, however, of the "motor” and parietal areas m this performance 
18 left m doubt The one case of a motor lesion free of unphcation of the 
antenor areas showed a similar, though smaller, reduction m score Panetal 
lesions, on the other hand, did not give a consistent picture, one produced 
considerable rmpaument, another shght unpairment, and still a third none 
at all In view of the motor and kmesthesis functions subserved by these 
areas between the antenor and occipital poles, it is probably to be expected 
that their extirpation might have some effect upon the performance, but 
the present results do not mdicate that such a possible role is primary It is 
probably best to conclude, pendmg future expenmentation, that the panetal 
areas do not make a primary contnbution to the performance but may have 
some importance in it 

In the previous paper by Stellar, Morgan and Yarosh (20) m which the 
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Summary 

The experunent was desigued to determine whether or not there are 
limited areas m the anterior cortex of the rat which subserve symbohc proc- 
esses, and in particular recent memory, as has been found to be the case m 
primates 

In a T-maze m which rats spontaneously alternate, 17 rats were run for 
60 trials each, pre- and postoperatively. Between each tnal there was an 
mterval of 15 seconds and smgle alternation significantly greater than a 
chance level of 50 per cent was taken as an mdex of the use of recent memory 
Following completion of postoperative tests brams were removed and the 
size and location of the lesions reconstructed upon standard diagrams The 
majonty of the lesions were m either the prefirontal or the occipital areas 
Animals with the prefrontal lesions, except for one with a small lesion, lost 
their abihty to use recent memory, whereas those with occipital lesions 
showed httle difference m performance Too few 'pure’ motor lesions were 
available to determine whether these also affected the recent memory Pari- 
etal lesions, on the other hand, gave mconsistent results 

Some "localization” of recent memory m the anterior areas of the rat 
18 defimtely mdicated, although more work is required to teU us how precise 
it may be Considermg the other cases of functional localization of specific 
functions estabhsbed m recent years, the rat’s cortex appears not to be so 
poorly differentiated as earher maze studies lead us to beheve 
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Experimental Data 

A summary of the findmgs follows The results of stunulation of cerebral 
cortices are prefaced by a brief description of the motor status of each animal 
just prior to the terrmnal experiment 

Experiment I {R S 8) July 29, 1942 A large, nearly mature male, wt 4^ kg Lt areas 4 
and 6 removed Feb 20, 1942 

During the five months since the first operation the right motor paresis had become 
slight and had not improved after the first two or three months The paresis was character- 
istic of that seen in all animals following similar lesions There was weakness and awkward- 
ness in the right extremities particularly in the hand However, the animal was able to 



chmb uamg all four extremities and prehension was present in the right fingers although 
of a simple order as compared to that of the normal left hand Tendon reflexes were m- 
creased on the right side, there was slight atrophy of the limb muscles of this side and 
shghtly increased resistance to passive manipulation 

Stimulation In Fig 1, the points stimulated on and about the scar of the left areas 4 
and 6 ablation are designated numerically No response to any stimulus was obtamed from 
any point except from the following 

Point Response 

7 Dilatation of It pupil 

8 Eyes turned rt 

9 Convergence of eyes 

10 Lid bhnkmg, convergence 

12 Bhnkmg followed by pupil dil and lachrymation from rt eye 

13 Rt eye turned up. It down, long latency 

38 Eyes turned rt , blinking, movement of rt arm 

48 Blinking 

49 Bbnking 

60 Eyes turned rt arm movement 


Summary Stimulation ebcited appropriate movements of eyes, pupils and lids from 
area 8 Diffuse arm movements were also obtained from what was thought to be area 8 but 
may have been borderhne area 6 The entire postcentral gyrus and the scar tissue were in- 


excitable „„ 

Experiment 2 (7 37) Jan 19, 1942 A male, 3 years, weight 2 4 kg Bom Apr 27, 193H, 
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Previous experiments have estabhshed two facts with regard to the in- 
fluence of the cerebral cortex on motor performance of monkeys (i) Ab- 
lation of the motor areas (areas 4 and 6 of Brodmann) in infancy has less 
effect than removal of the same areas from older animals, (u) removal of 
the frontal areas (areas 8—12) or of the postcentral gyrus (areas 3, 1, 2) from 
normal nnimnls does not cause paresis, but, if areas 4 and 6 have been pre- 
viously removed m infancy, subsequent extirpation of either frontal or post- 
central regions is followed by a marked mcrease m motor deficit (2) 

Some reorganization of function of these "non-motor” regions must thus 
occur after areas 4 and 6 have been removed m infancy Smce these altered 
areas nught then become more excitable to cortical stimulation, the cortices 
of five nearly adult monkeys have herewith been stimulated followmg motor 
ablations made at a much earher date Four of these animals had been 
operated upon m infancy and the exatabihly of their cortices explored more 
than two years thereafter The fifth, used as control, was nearly mature and 
had been operated upon five months previously. In all, apparently maximal 
recovery of function had taken place some tune before the termmal exper- 
iment 


BrenvtoD 

The five animals were all Macaco mulatto The four operated upon m infancy were 
bom m the colony and of known age The fifth was much older, a nearly mature male 
weighing 4 2 kg All cortical ablations were made by the same indirndual and with the same 
technique Areas 4 and 6 were totally removed from one or both hemispheres of four mon- 
keys The lesion extended to the depth of the cmgulate gyrus on the medial aspect and 
through the face area laterally It is probable that all of area 6b was not removed in e\ery 
case, since its margins are indefinite and xaiy mth the shape of the arcuate sxdcus The 
extirpation was taken to the depth of the central sulcus The fifth animal had bilateral 
extirpation of areas 4, 3-1-2 comprising the pre- and postcentral gyn Area 6 remamed 
intact 

It was necessary in the case of the control animal to use a preparation wnth a unilateral 
ablation because older animals inth bilateral ablations are so seierely paralyzed that they 
are difficult to keep alixe, and, it was felt that a preparation of long-standing to insure 
maximal recoxery was essential for comparison with those of infants showing manmal re- 
cox cry after bilateral ablations At the time of sacrifice, the cortices were exposed under 
dial aneslhesin (0 6 cc per kg gi\ en one-half intrapentoneally and one-half mtramuscu- 
larly ) Stimulation was with bipolar electrodes by a current controlled for wa\e form fre- 
qucncy and xoltage After remoinl of brain at autopsy, sections were made and stained 
tiy Ivissl technique so that the extent of the lesions might be xenfied histologically 

.1 Fnedsam Foundation (Child Neurology Research) and 

tlie Macy houndation 
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ages Higher voltages caused the same movement at longer latency from any spot in the 
entire scar This was obviously due to spread of current via the scar tissue Movements of 
arm and face were ehcited from the entire length of the posterior lip of the central sulcus 
Experiment 3 (J 50) July 17, 1942 A male, 2 years, weight 2 1 kg Born Jan 8, 1940 
Bilateral ablation of areas 4 and 6 Jan 30, 1940 

Simultaneous bilateral removal of areas 4 and 6 produced a deficit in this mfant which 
was similar in kind but slightly more severe than that of the animal in Expt 2 There was 
marked crossing of the hind limbs in walking, increased resistance to passive manipulation 
and active tendon reflexes Voluntary prehension was almost impossible, hut climbing and 
clinging were well executed 

Stimulation In Fig 3, A and B, the points stimulated on the left and right cortex re- 
spectively are indicated numerically No response was obtained except from the following 
points 


Lt Cortex 

Point Response 


6 

Arm, wnst extension 


7 

Arm, more marked 


8 

Elbow 


9 

Diffuse arm 


10 

Elbow and wnst, eversion 


11 

Elbow and ivnst, eversion 


14 

Deviation of eyes rt 


15 

Convergence of eyes 


16 

Lids twitch, pupds ddate 


17 

Lids, followed by arm 


18 

Shoulder, after long latency 


19 

Wnst and elbow 


21 

Extension of wnst 


22 

Upper arm and face 


23 

Eyes turned to It 


26 

Lt eye turned rt 


27 

Rt shoulder 


28 

Upper hp, shght 


30 

Extension of wnst, with 
charge 

after-dis- 

31 

Wnst extension, followed by elbow 

32 

Upper hp, then arm 


33 

Rt eye to It 


34 

Convergence, pupds ddate 
lower jaw 

spread to 

36 

Upper hp 


37 

Diffuse shoulder 


38 

Upper hp, shoulder, elbow 


41 

Wnst extension 


43 

Wnst 


44 

Wnst and elbow 


46 

Pronation 


47 

Flexion of mdex finger, then wnst 


Rt Cortex 

Point Response 

1 Face 

2 Face 

3 Face 
6 Face 
6 Face 

8 Face 

9 Face 

10 Lids opened 
13 Eyes to It shght 
16 Eyes to It 

16 Eyes to It slowly 

17 Eyes to rt 

18 Eyes to It hds open, pupds dilate 

19 Lids open, then close 

20 Adduction and flenon of forearms 
26 Vertical nystagmus, lachrymation 

26 Lids open, eyes move down, homolat- 

eral arm moved 

27 Convergence of eyes, flexion of rt ex- 

tension of It arm 

31 Extension of wnst 

32 Extension of wnst 

33 Internal rotation, shoulder 

34 Pronation, wnst 
37 Abduction, thumb 

47 Extension of wnst, then thumb 
61 Eyes opened, chewmg 
52 Extension wnst, then supination 
63 Abduction, shoulder 

59 Abduction, wnst 60 

60 Extension and eversion, wnst 

61 Shoulder and elbow 

63 Face and neck 

64 Thumb adducted 

66 Eversion and flexion wnst, some eye 
movements 


Summary From the intact area 8 chEuractenstic eye movements were ehcited From 
stimulation the depth of the rostnd portion of the scar, diffuse shght movements which 
were of the type ehcited from area 6 of an intact hemisphere, appeared Movements of 
hands, wnsts and forearms were obtained from the postenor hp of the central sulcus m 
areas 3 and 1 Strychmne placed in an excitable point within the scar did not increase ex- 
citabdity This was taken to mdicate that excitabihty at this point was due to spread on 
scar tissue and not to active cells within this area 
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ablation of left areas 4 and 6 Sept 30, 1939, ablation of right areas 4 and 6 Oct 30, 1939, cord 

transection at Th 5 Jan 2, 1942 n c -li. i 

FoUowing the cortical ablations during the 6th and 7th months of life this animal 
recovered sufficient motor skill so that it was able to feed and carry on ordinary cage activi- 
ties It had, however, marked scissors gait in the hmd legs and used fingers poorly m 
voluntary prehension Resistance to passi\e manipulation was moderately increased and 
tendon reflexes were markedly hyperactive For another purpose the cord had been tran- 
sected m the mid-thoraac region prior to terminal experiment Subsequent stimulation on 
the cortex was consequently vahd only m those regions suppl 3 rmg upper extremities or face 



Point Response 

8 Tongue withdrawn 

9 Tongue withdrawn, moiement of loner lip 

10 Tongue, shoulder and hand moiement 

12 Tongue, shoulder and arm 

13 Tongue withdrawn, fingers flexed 

14 Fingers, upper lip 

15 Tongue 

16 Protrusion of tongue 

19 Eyes turned rt 

21 Tongue, torsion 

22 Upper hp 

25 Tongue 


Summary Normal characteristic movements of hds and ejes resulted from stimulation 

of area 8 Discrete rapid mo\ ements of the hp were obtained mth a stimulus of the t\ pe 
usually efrectne in area 4, from points 14 and 22 Sion generahzed movements of the 
lingers appeared from stimulation of points 12 and 13 They nere usuaUy accompanied bv 
tongue and hp movementa There nere no discrete finger movements but instead slon dif- 
luse flexion of fingers and wnst, noth occasional spread to forearm Movements of the 
tongue and hp were obtained from points 8, 9. and 10 easily and quicUy and mth Ion v oh- 
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13 

Rt upper lip 

18 

Inward rotation, shoulder 

18 

Rt upper bp 

19 

Inward rotation, shoulder 

28 

Supination of wnst 

20 

Inward rotation, shoulder 

29 

Adduction at shoulder 

41 

Eyes It 

30 

Extension of wnst, finger, then lip 

42 

Eyes It 

31 

Lip followed by hand 

43 

Eyes It and up, pupils dil 

32 

Lip 

44 

Eyes down, rt pupds dil 

33 

Extension of wnst 

46 

Convergence 

34 

Lip, shght 

46 

Lids blink 

43 

Eyes to rt 

60 

Convergence of eyes, slight 

44 

Eyes to rt 

66 

Eyes to It 

61 

Dll of pupils 

67 

Eyes to rt 

68 

Eyes moved to center 

59 

Eyes It pupils dil 

63 

Eyes rt and up, lachrymation 

60 

Eyes to It 


Summary Area 8 was intact and gave characteristic responses Within the scar, move- 
ment of wnst and hand were obtained from one area These were diffuse and irregular 
Areas 3 and 1 on the posterior bp of the central sulcus were excitable All movements were 
in the arms and face and were diffuse and generalized fn this animal as in the preceding 
three, the voltage threshold of stimulus producing movement was high, far higher than in 
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Experiment 4 (T 60) July 18, 1942 Male, 2 years, weight 2,3 kg Bom Apr 17, 1940 
Ablation of left areas 4 and 6, May 6, 1940, of right areas 4 and 6 Sept 20, 1940 

The motor deficit of this animal durmg the year before the terminal experiment -eras 
stationary and of the same order as that of the a nim al m Expt 3 but not as extreme 
This last was because the ablations were seriatim and not simultaneous There was moder- 




Fig 3 


ate spasticity and marked crossing of the hind legs in waUong The forelimbs were ei erted, 
the hands and fingers flared widely Fingers were used awkwardly for i oluntary prehension 
Stimulation Figure 4 shows the points stimulated m both left and nght sides Those 
from which responses were obtained were as follows 

Li Cortex Rt Cortex 

Point Response Point Response 

2 Face 10 Hip and shoulder 

2 11 EeS. tan and shoulder 

8 Face 12 Extension of forearm 

9 Face, then wnst and extension, finger 15 Extension, wnst and fingers 

1? 16 Flexion, elbow, then hand 

11 T humb citoasion then wnst 17 Eicrsion forearm 
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tissue and furthermore, the same property appeared m all other exatable 
areas with the exception of area 8, and, in one mstance (Expt 6), area 6 
The spread of excitabihty did not confirm m time relations or m geographical 
distribution to that which would be expected from facUitation It appeared 
directly related to the diffuseness of response to all stimuh It may be re- 
lated also to the lack of discreteness m movements dunng life (iv) In every 
mstance the excitable regions were those bordering on the scar and those 
which, in the intact cortex also, are excitable 

A great number of the movements were of tongue, hp and face and were 
directly related to the more complex movements produced by stimulation 
of area 6b Others appeared on stimulation of the post-central gyrus, but 
were more diffuse and required higher threshold for response than were 
ehcited from the same region of an mtact cortex In the three animals m 
which the lower extremities were responsive this obtamed m the leg area as 
well as m arm and face Movements charactenstic of stimulation of area 6 
were produced from the animal m which area 6 had not been removed at 
operation (Expt 5) and did not differ m any way from those produced firom 
the same area of an mtact cortex In the other animals occasional diffuse 
arm, neck and shoulder movements occurred associated with movements of 
the eyes These hkewise can be produced at the junction of areas 6 and 8 m 
the mtact cortex 

Causes of differences Stimulation of the control cortex and those of the 
four animals operated m infancy demonstrated marked differences between 
the two types smce much more movement was produced from tissue around 
the scar m the latter than m the control This would be attnbuted to any one 
of several causes 

(i) The most obvious possibihty is that the extirpations of the four 
animals operated on m infancy were less complete than that of the control 
This IS uidikely for the foUowmg reasons (a), grossly, at autopsy, the scar 
and the surroundmg tissues were the same m extent on aU five animals, 
(b), exammation of the histological sections of all five preparations showed 
about the same extent of each lesion In every instance there were large 
motor, possibly Betz cells, on the postenor hp of the central sulcus, on the 
inferior hp of the cmgulate sulcus and, m a few mstances, m the anterior 
hp of the arcuate sulcus They were not different m size nor m number from 
the cells of the same type normally found m these sites m the macaque 
cortex There was no other mdication of any histological difference between 
the cortex of the animal operated on late m life and those operated on m 
infancy, (c), previous findings on a large number of monkeys operated on 
either m infancy or later have been the same, namely that there is always 
a great deal better motor function m the animals operated on m infancy 
than m the adults, and that this is without any demonstrable difference in 
anatomy or histology 

(u) The second possibihty is that there is a change m the excitabihty of 
the remainmg tissue normally concerned with motor function From the 
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the normal cortex, both m the scar tissue and the surroundmg regions with the exception 
of area 8 This latter area normally requires a stunulus of longer pulse form and longer 
duration than do areas 6 or 4 There was no detectable alteration of the excitabihly of area 
8 in the present instances 

Experiment 5 (/ 24) Mar 16, 1942 Male, weight 3 4 kg Bom Apr 24, 1938 Ablation 
of left areas 4, 3, 1 and 2, Dec 9, 1938, ablation of right areas 4, 3, 1 and 2, cord transection at 
Th 5, Feb 25,1942 

After the bilateral cortical ablations and preceding the cord transection (which was 
done for another purpose) this animal had definitely deficient motor performance, although 
it was not nearly as disabled as those of the preceding three experiments It was able to use 
its bands accurately for feedmg, although fine movements of prehension were impossible 
It ran and jumped awkwardly Placmg and hoppmg reactions were absent on both sides 
It was moderately spastic To save space the map and list of points are omitted here and 
the findmgs summarized below 

Summary' On both hemispheres, responses to stimulation of area 8 were normal, as 
they had been m the precedmg experiments Caudal to the scar from areas 5 and 7, no re- 
sponse to stimulation was obtam^ m either hemisphere Movements of face and tongue 
were elicited from each side lateral to the scar of area 4 There was evident spread to this 
region from stimulation of the scar Stimulation of area 6 produced movements of arms and 
fingers characteristic of those usually produced finm an mtact hemisphere No suppression 
was produced m what might have been area 4-s It was therefore assumed that this area had 
actually been destroyed at operation 

Discussion 

The result of cortical stimulation m the above five instances is suflBciently 
consistent to be considered vahd and therefore ment discussion 

Stimulation of adult animal (control) Stimulation of the cortical tissue 
about the scar m the older animal produced a characteristic and normal 
response of eyes and hds from the mtact area 8, and of the arm from what 
was possibly a remnant of the rostral part of area 6, but nothmg from either 
the scar tissue or the postcentral gyrus These findmgs confirm many chance 
observations made previously durmg stimulations of a large number of cor- 
tices of adult or nearly adult monkeys after cortical ablations made, usually, 
just pnor to the stimulation, with one exception, namely, that the post-cen- 
tral gyrus IS sometimes but not always excitable In an mtact cortex of 
Macaca mulatta under proper dial anesthesia as were these animals, stim- 
ulation of the postenor hp of the central sulcus wiU usually produce move- 
ment as wiU stimulation much farther caudally m the pane^ lobe 

Stimulation of cerebral cortices of animals operated in infancy Stimulation 
of these cortices produced much more movement than did that of the older 
ammal This nught be expected and is consistent with the much greater 
adequacy of motor function of the aiumals operated on at early age Move- 
ments ehcited from aU four "infants” had the same characteristics (i) In 
all five animals the excitabihty characteristics of area 8 were alike and were 
the properties normally found on stimulation of area 8 m an mtact cortex 
(n) SLunulation elsewhere always required a stunulus of much greater m- 
tensity and often of either longer duration or of longer pulse form than 
normal (m) Responses were always diffuse and poorly locahzed There was 
obvious conduction of stimulus along scar tissue such that a given response 
(I c tongue, Expt 2) could be produced from a wide area of scar tissue This 
spread of stimulus seemed greater than that which is found m any scar 
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present data thus seems to be the most probable, for, m the present four 
cases the tissue surroundmg areas 4 and 6, or the scar left by their ablation, 
was more reactive to electrical stimulation than is that of the intact cortex 
However, no excitable region or regions were found in these cortices which 
would not be excitable m the mtact cortex also The difference was one only 
of degree The most marked change m those animals operated on m infancy 
was the great spread of response from stimulation of one pomt, and, along 
with this, the similanty of the response obtamed from a number of adjacent 
or fauly widely separated pomts 

The above explanation of these phenomena fits both the excitabihty 
characteristics of the cortices, and the functional characteristics of motor 
performance m these animals It is one that has been offered before and has 
been descnbed previously m the hterature, namely that there is a reorgan- 
ization of remainmg tissue withm a partially damaged functional umt (1), 
that of the motor system m this case There is, at present, no evidence for 
anatomical reorganization accompanymg this although, m the presence of 
functional reorgamzation, some anatomical change perrmttmg wider spread 
of impulses through synaptic connections is still possible 


SUMMART 

1 Stimulation of the cerebral cortices of Macaco mulatto from which 
areas 4 and 6 had previously been removed has revealed marked differences 
m exatabihty of the cortex from which the motor areas has been removed 
m infancy as compared to that from which motor areas have been removed 
later m life 

2 The cortex of the animal with motor areas removed m infancy has 
greater excitabihty m the regions surrounding areas 4 and 6, namely the 
postenor hp of the central sulcus, areas 6b and 6a than has either the normal 
macaque cortex or that of the animal from which the motor areas have been 
removed at a later age 

3 Movements ehcited from these regions are more diffuse and reqmre 
a higher threshold stimulus than do these regions m the mtact hemisphere 

4 N o regions other than those known to be excitable m the normal animal 
were found to be excitable m these preparations 

5 The changes in excitabihty m the arumals operated on m infancy are 
consistent with the well developed motor performance of such animals 
during life 

6 They are consistent with functional reorgamzation withm a partially 
destroyed motor system There was no evidence of anatomical reorgan- 
ization 
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kept warm with a hot bottle, active galvanic responses can be obtained in this wav for 
many hours ^ 

The cham was stimulated with a current from an inductonum (Harvard Apparatus 
Company) and a 1 6 volt dry cell 

Results 

Response to single shocks Single induced shocks apphed to the sympa- 
thetic chain near L2 and L3 invariably caused the central pad of the hmd 
foot to give off only single monophasic galvanic responses In 10 cats the 
response had an average latent period of 0 6 and a duration of 5 0 sec The 
amphtude varied with the intensity of the current as will be shown Figure 1 
shows that the rise of the response was sharp while the fall was relatively 
gradual 

Response to make and break shocks of varying intensity Figure 1 gives a 
typical record The vertical lines spaced 1 mm apart show tune m | seconds, 




Fig 1 


that IS, 5 spaces are equal to 1 sec The white blocks at the bottom of the 
record show the make and break of the stimulatmg circmt For the first 
record the secondary cod was set at 13 cm , that is, the weakest current that 
can be obtamed on the Harvard mductonum unless the secondary cod is 
turned on its axis The 'make’ had no effect, the 'break’ produced a small 
current With the cod at 11 cm the 'make’ stdl faded to give any response, 
whde the amphtude of the 'break’ response was considerably mcreased With 
the cod at 10 cm the 'make' agam faded to give response, whde the 'break’ 
gave a maximum response At 7 cm the 'm^e’ gave a small response, and 
at 6 cm a fairly large response At 5 cm the 'make’ response was larger than 
the 'break ’ The latent period did not change with the mtensity of the cur- 
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Our knowledge is still limited regarding the nature, intensity and fre- 
quency of the nervous impulses which reach the sweat glands from the 
sympathetic nervous system The lack of an adequate method of measurmg 
sweat gland responses may m large part account for this lack of knowledge 
In the foUowmg experiments we used the galvamc skm response of cats 
to measure sweat gland activity produced by electrical stimulation of the 
sympathetic cham With this method it proved possible to detemune several 
simple pnnciples regar din g the S3rmpathetic nerves and sweat gland relation- 
ship 

METHODS 

To keep tbe cats quiet whfle the records were being taken we placed them m a frame 
which was onginally built for this purpose by Dr Sarah Tower A pEQory arrangement at 
one end firmly secured the head and prevent^ the animal firom biting, while the fore and 
hmd legs were either held by an assistant or were tied with strips of mushn bandage to the 
upright parts of the frame (1) 

The electrodes consisted of }-mch zmc discs covered with a paste made of kaolm and 
saturated zmc sulphate solution The paste served to make a good electrical connection 
between the electrode and the skm One electrode was fastened by means of a small ear 
nng clip to the pinna of the ear The other electrode covered with an even layer of paste 
was placed over the central pad of one of the hmd feet However, before the electrodes were 
applied the foot was bandaged with a stnp of rubber dam A small hole in the dam allowed 
only the large central pad to protrude, thus preventing the paste from commg mto contact 
ivith the small pads and with the skm between the pads A second bandage of rubber dam 
around the foot held the electrode m place over the central pad 

The electrodes were connected to a portable string galvanometer (Cambridge Instru- 
ment Company) with which photographic records of tbe galvanic response from the 
central pad of the foot were obtained Since no external current was usrf, the galvamc 
response consisted of a difference in potential between the electrodes 

For unknown reasons some cats show bttle or no galvamc activity even m response 
to direct stimulation of the sympathetic cham We found that by taking records of the 
spontaneous galvanic waves before exposing the sympathetic cham such unresponsive 
cats could be eliminated Cats which show active givamc waves before gomg under the 
ether anesthesia will invariably show active galvamc responses to stimulation of the 
sympathetic chain 

When the galvanic actmty of the cats had been satisfactorily established, they were 
put under n light ether anesthesia wthout removnng the head from the pillory or the 
electrodes from the feet The sjunpathetic chain was exposed retropentoneally through an 
incision along the line of the ileum and over the thigh of the hmd leg \STien the cham 
between the 2nd and 3rd lumbar ganglia had been freed from the surroundmg tissue, it 
was placed m an msulnlcd bipolor shielded electrode (Harvard Apparatus Company) and 
the incLsion was clo-ed in such a waj as to avoid any pull on the cham WTien the cats are 

* This vv ork w ns earned on under a grant from the John and Mary R MarUe Founda- 

lion 
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phed to the cut surface of the spmal cord and brain stem also produced only 
monophasic currents (2, 3, 4) Diphasic or multiphasic currents were ob- 
tamed only from stimulation of the mtact cortex 

In human bemgs monophasic currents are obtamed from a pamful stimu- 
lation such as a pm pnck, shot, etc These results would mdicate that to the 
mtact human bemg these stimuh cause only a smgle discharge to pass down 
the sjrmpathetic cham to the sweat glands 

With a more prolonged stimulus, such as is produced by emotional excite- 
ment, the galvamc response m human beings tends to have more the shape 
of the curves which show complete tetarazation From this we may conclude 
that the rate of nervous discharge to the chain under these conditions must 
be greater than 2-4 per sec It could not be as low as 6 per sec , but might 
be much higher 

Special mention should be made of the great sensitivity of the galvanic 
response In some cats a defimte response was obtamed when the secondary 
coil of the mductonum was placed not only at the farthest end but also was 
turned on its axis imtd it was almost m the vertical position Under these 
circumstances the current must have been extremely mmute 

Evidence at hand mdicates that the galvamc current produced by the 
stimulation of the sympathetic cham corresponds to a change m permea- 
bdity of the sweat glands as they become activated, and not necessarily to 
the amount of moisture present m the sweat gland ducts and on the surface 
of the skm If this response depended on the moisture they would have a 
much longer duration 

Summary 

1 Smgle mduced shock apphed to the sympathetic cham (L2 and L3) 
of cats caused a galvamc current to be given off by the large central pad oi 
the hmd foot This response which was monophasic had an average latent 
period of 0 6 and a duration of 5 seconds 

2 The threshold for 'make’ currents was much higher than that for 
'break’ currents With larger currents the amphtude of the 'make’ response 
finally surpassed that for the 'break ’ 

3 Induced shocks at a rate of 136 to 375 per mmute or 2 to 6 per second 
sufficed to obtam complete tetanization of the sweat glands, as mdicated 
by the galvamc responses 
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rent, but it was the same for 'make’ or 'break’ shocks The duration of the 
response vaned somewhat with the value of stimulatmg current, mcreasmg 
very shghtly with an mcrease m current The other 9 cats gave essentially 
the same type of record 

Tetanization of the galvanic response In these experiments the coil of the 
mductonum was set at a position which gave an active galvamc response 
The mductonum was set for 'make’ and 'break’ currents Smgle combmed 



Fig 2 


'make’ and 'break’ shocks were apphed to the sympathetic cbam These 
shocks were produced by the experimenter by a qmck touch to the stimu- 
lating key 

Figure 2 gives a typical record When the shocks were apphed at a rate 
of 12 5 per mm the smgle complete responses were obtamed, so also at a 
rate of 15 4 per mm At 18 8 per mm the response did not quite return to 
the base hne before a second response started Progressively as the rate of 
the shocks increased, the responses showed an mcreased tendency to teta- 
mzation At 375 per mm the responses were completely tetamzed That the 
the response would tetamze at this rate could readily have been predicted 
from the shape and duration of the smgle response 

The rate of tetamzation, 2-6 per sec , is far below that needed to tetamze 
stnped muscle 


Discussion 

svJnJhT that a smgle shock apphed to the 

mS fl 1 Produced only a monophasic galvamc response It is of 
interest that in previous expenments it was found that electee shocks ap- 
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HorsIey-CIarke instrument might have pushed the pen-parotid tissue downward, thus 
occludmg the duct, a modification of the point of fixation was made (Fig 1) This consisted 
of a round bar holder, which could be adjusted in various directions, held securely on the 
frame of the instrument, antenor to the usual ear bar holder The tip of the round bar 
tapered to a small dnil head which was fixed to the postenor part of the zygomatic process 
After this had been done, the nght ear bar was withdrawn Thus Uie new attachment trans- 
ferred the point of fixation from the nght external acoustic meatus to the nght zygoma 
without changing the coordinates After this modification a parotid flow was easdy ob- 
tained 

The stimulating electrode was made of two thin nichrome wires, completely insulated 
except at the tips, which were about 0 2 mm apart It was introduced into the bram stem 



Fig 1 Photograph to show the arrangement of the expenment with the modified at- 
tachment of the Horsley-Clarke stereotaxic instrument to the nght zygomatic process of a 
cat The nght ear bar has been withdrawn 


at a forward inchnation of 11 degrees The stimulating current was provided by a Harv’ard 
inductonum havmg a dry cell (16V) and a small rheostat (0 5H) in the primary circuit, 
with the secondary cod set at 13 6 cm For each 15-second stimulus the coordmates and the 
amount of secretion from both glands were recorded At the end of the expenment the brain 
was perfused with 10 per cent formahn and senal sections stained by the Wed method The 
region that yielded the submaxiUary or parotid secretion was determined by microscopic 
exarmnation This is indicated by cucles or tnangles respectively m six composite diagrams 

It must be noted that although the submaxdlary and parotid ducts were cannulatea 
only on the nght side, both sides of the brain stem were explored Hence, any crossmg of 
fibers in the brain stem is revealed In the accompanying diagrams submaxillary points m 
the nght half of the medulla are represented on the nght side Parotid pomts are transposed 
to the side opposite their actual location in the medulla In this way the overlapping of sym- 
bols 18 minimal 
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Introduction 

The existence of a salivatory center m the lower brain stem has never 
been disputed However, investigators have not been able to agree on its 
precise anatomical location and its axomc course In 1902, Kohnstamm (6), 
usmg the method of retrograde degeneration, described m dogs a submaxil- 
lary nucleus, with its large cells of the anterior horn type widely distributed 
m the reticular formation at the caudal level of the facial nucleus Later, 
Kohnstamm (7) found a parotid nucleus between the infenor ohve and the 
nucleus ambiguus The efferent fibers were largely crossed In 1909, Yagita 
and Hayama (17) repeated these observations and found that after section- 
mg the chorda tympam a group of cells of the visceral motor type underwent 
ctuomatolysis These cells were located m the lateral reticular formation, 
at the level of the faaal nucleus, ventral to the lateral vestibular nucleus 
of Deiters and medial to the spmal tngemmal nucleus Yagita (16) descnbed 
a parotid nucleus forxnmg the caudal prolongation of his submaxillaiy nu- 
cleus Both groups of degenerate cells were homolateral to the cut nerves 
Sahvary secretion has also been repeatedly noted by a number of investi- 
gators on stimulation of the medulla (see review by Langley, 9), but the 
available data give httle help m further identification of the center It was 
thought, therefore, that a careful examination of the lower bram stem with 
the aid of the Horsley-Clarke stereotaxic instrument might yield valuable 
information as to the location of the center 

While this mvestigation was imderway, Chatfield (2) and recently Ma- 
goun and Beaton (10) reported similar studies m cats and monkeys respec- 
tively The results of our study are m general agreement with theur reports, 
but certam differences wiU be noted 


METHODS 

Thirty-fi\c cals were included in this senes The animals were anesthetized with 35—10 
niR of nembutal per kg of bodj weight, intrapentoneallj After the cerebellum was ei- 
poced, the Horslej -Clarke instrument was fastened to the cat’s head The submaxillarv 
and parotid ducts on the nght side were cannulated with fine glass cannulas, and each duct 
was connected to a honzontally -placed, graduated capillary tube The secretion was re- 
corded in cm and the rate of flow was later converted into cc per min The right cemcal 
sjmpatlietic nerve was cut in order to isolate the parasjTnpathetic effects 

In the early expenroents. no parotid secretion was obtained either on stimulation of 
the medulla or bj injection of pilocarpine Since it was believed that the ear bar of the 


* A prehminaiy report of this work was presented before the American Physiological 
^^etj Boston Fed Proc Amcr Soc exp Biof , 19-12, 1, 8S-89 ^ ^ 



198 


S C WANG 


currents induced a copious flow of saliva The swallowing or respiratory 
movements which occasionally accompamed sahvary secretion were not 
causally related to the sahvary flow This was shown by experiments in 
which stimulation of an appropriate region yielded sahvation associated 
with deglutition or respiratory movements, while stimulation of the cor- 
respondmg contralateral region yielded similar extraneous responses with- 
out comparable sahvary secretion 

After a 15-second penod of stimulation at a favorable location, as much 
as 1 2 cc per mm of secretion was collected from the submaxfllary gland, 
and as much as 1 1 cc per mm from the parotid The locations which, upon 
stimulation, yielded a secretion of more than 0 25 cc per mm are represented 
m the diagrams by large sohd cucles (submaxfllary) and large sohd tnangles 
(parotid), representmg an average of 0 5 cc per mm and 0 4 cc per nun 
respectively 

A typical submaxfllary flow would commence about 2 seconds foUowmg 
stimulation, that from the parotid usually had a longer latency The flow 
for the first 15-second period was usually most rapid, decreasmg for each 
15'Second period thereafter Consequently the flow per nun as calculated 
from the first 16-second period is greater than the amount of sahva collected 
if the stimulus actually lasted for one mmute The after-discharge was sus- 
tamed for about 3-4 seconds, and rarely longer For the less favorable 
regions (0 1 cc to 0 26 cc per min ), the latency was sbghtly longer and in 
many instances the flow slowed down considerably before the end of the 
15'Second stimulus 

A striking distribution of the responsive locations of the submaxfllary 
pomts m two groups was revealed at the bulbar level This is shown in 
Fig 2a, m which a medial group hes m the vicmity of the facial genu, and 
a lateral group m the area correspondmg to the spmal trigemmal nucleus 
and tract The mtervenmg region was surpnsmgly silent when stimulated 
At a level about one mm caudad (Fig 2b), the)two responsive regions ad- 
jomed The area medial and sbghtly dorsal to the spmal tngemmal nucleus 
and its caudal extension form a very excitable region, which, on stimulation, 
produced an abimdant submaxfllary secretion This area corresponds to 
the dorso-lateral portion of the lateral reticular formation and is beheved 
by Papez (12, p 222) to constitute the rostral component of the sahvary 
nucleus In the section through the facial nucleus and supenor ohve and at 
the level of nervus mtermedius (Fig 2c) the medial region was less respon- 
sive than the correspondmg rostral area At this level (Fig 2c) the respon- 
sive pomts were most numerous m the dorsolateral portion of the lateral 
reticular formation, although scattered pomts were present m the spmal 
tngemmal area At more caudal levels (Fig 2e and 2f) sahvary secretion 
was occasionally obtamed whenjthe area of the sohtary fasciculus and its 
nucleus was stimulated . 

The configuration of the parotid pomts is very sunflar to that of the 
submaxfllary, except that the correspondmg parotid regions appear roughly 
one or two mm more caudally Profuse secrefaon was not obtained followmg 
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Results 

The most rostral level included in the exploration was at the anterior 
border of the pons Stimulation of the brain stem at the pontile level even 
with strong currents produced no appreciable flow of sahva from either the 
submaxillary gland or the parotid gland, whereas stimulation of the re- 
sponsive regions at the successive levels m the medulla even with weak 





Fig 2 Diagrammatic representation of results obtained upon stimulation of the 
medulla of 35 cats The sections are about one mm apart Each large solid circle or triangle 
represents a response of saliv ary flow at a rate of more than 0 25 cc per tmn , and each 
small solid circle or triangle, at a rate of 0 1 cc to 0 25 cc per min Secretion of less than 0 I 
cc per min is not represented Circles indicate responses from the nght subma-dllarj' 
gland and triangles, responses from the right parotid gland but transposed to the opposite 
side Abbre\ intions arc BC— bmchiura conjunctuTim, CS — cortico-spmal tract, Dt'T'J — 
doneil or medial %estibular nucleus DVR — descending \estibular root, F — medial longi- 
tudinal fasciculus, lO— inferior olise R— restiform body, S — Solitary fasciculus SO — 
superior olnc SV- Spinal tract of the trigeminal ncr\c, Tr— trapezoid bodj, VCN — sen- 
Iml cochlear nucleus VM~spinal nucleus of the trigeminal nerse, Vl—abducens nerve, 
Vll — facial nerve, VllN — facial nucleus 
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reasonable to attribute tbe sabvatory effect obtained on stimulation of the 
medulla m these experiments to the excitation of tbe parasympathetic se- 
cretory components, mcluding the center itself 

Accordmg to Miller (11) the threshold for ehcitmg sahvary secretion 
by stimulation of the Boor of the fourth ventricle or by reflex stimulation 
of chorda-hngual or glossopharyngeal nerves is low, whereas the threshold 
for sahvary secretion mduced by stimulation of the gastnc vagus or sciatic 
nerves is high These observations suggest that stimulation of the mtra- 
meduUary courses of the afferent "taste” fibers should yield sahvary secre- 
tion * In our experiments stimulation of the region correspondmg to the 
sohtary fasciculus and its nucleus was found occasionally to yield abimdant 
secretion from both the submaxiUary and the parotid glands The sahvary 
secretion resultmg from stimulation of the spmal tngemmal area appears to 
be more comphcated m that, while stimulation of the rostral portion of the 
tngemmal area produced abundant secretion, stimulation of the more caudal 
portion mduced no sahvary secretion The presence of a number of rootlets 
of the nervus mtermedius and the glossopharyngeal nerve which pass only 
through the rostral spmal tngemmal area suggests that these fibers might 
account for the responses obtamed on stimulation However, on careful 
examination, it appears doubtful that a copious sahvary secretion would 
follow a punctate stimulation of a few of the widely distnbuted efferent 
rootlets Furthermore, the isolated groups of positive pomts from which 
sahvary secretion was obtamed m the most rostral regions of the spmal 
tngemmal area (Fig 2a) would not have been found if the sahvary secretion 
had resulted from the excitation of efferent fibers passmg through the stim- 
ulated area 

Vanous mvestigators have suggested that different branches of the tn- 
gemmal nerve termmate at different levels of the spmal tngemmal tract 
For example, it is beheved that the mandibular branch occupies only the 
rostral portion of the spmal tngemmal tract and does not extend down to 
the caudal region (3) This conception would explam the refractormess of 
the caudal portion of the spmal tngemmal area (Fig 2e and 2f) when it is 
stimulated with weak currents The evidence mdicates, therefore, that stim- 
ulation of the spmal tngemmal tract and nucleus at a specific level (presum- 
ably mandibular) produces sahvary secretion Nevertheless, the response ob- 
tamed on stimulatmg this area may be the result of excitation of efferent 
rootlets as well as of the secondary afferent fibers 

The areas dorso-medial (referred to below as medial) and dorsal (referred 
to below as lateral) to the facial nucleus constitute regions m which the 
sahvatory nuclei may be located In favor of the medial position is the fact 


• Our experiment differs from that of Miller m that we used nemhutal anesthesia in- 
stead of decerehration It is known that barbiturates decrease the sahvary secretion (14), 
but this action is thought to be exerted on the secretory cells Pearcy and Weaver (14) 
found that barbital m quantities sufficient for surgical imesthesia causes httle or no depres- 
sion of other visceral reflexes 
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weak stimulation at the level of the outgoing limb of the facial nerve (Fig. 
2a) More caudally, at the level of the facial nucleus and the supenor ohve 
(Fig. 2c) parotid secretion was more easily obtamed It was noted that 
stimulation of the same locus often produced secretion from both sub- 
maxillary and parotid glands In one experiment a defimte but small parotid 
secretion was obtamed when the contralateral medial floor of the fourth ven- 
tricle was stimulated (Pig 2c) At the next level through the middle portion 
of the facial nucleus and through the glossopharyngeal nerve (Fig 2d) the 
responsive region corresponds to the dorsolateral portion of the lateral re- 
ticular formation and to the spmal tngermnal nucleus and tract At the 
lower levels (Fig 2e and 2f) stimulation of the area of the sohtaiy fasciculus 
occasionally was found to yield good secretion It is mterestmg to note that 
stimulation of the area between the inferior ohve and the nucleus ambiguus 
designated by Kohnstamm as the mfenor sahvatory nucleus (8) did not 
cause any defimte flow of sahva from the parotid gland 

Responses from both the submaxillary and the parotid glands were ob- 
tamed when portions of the homolateral medulla were stimulated Scanty 
secretion from either gland, however, was obtamed when the contralateral 
side was stimulated Even when strong currents were used, no flow greater 
than 0 25 cc per mm was observed Under such conditions the area of homo- 
lateral reactivity was considerably scattered, and vigorous respiratory changes 
and contractions of vanous muscles occurred 

The mechanism of the sahvary secretion obtamed foUowmg central 
stimulation has also been mvestigated For instance, the mtravenous m- 
jection of 0 1 mg of atropme promptly and completely stopped the sahvaiy 
secretion produced by medullary stimulation In a number of experiments 
the chorda tympam was sectioned before it joms the hngual nerve No sub- 
maxillary secretion could be ehcited by stimulation of the medulla at a 
pomt which previously yielded a copious flow of sahva 


Discussion 

It has long been known that the sahvary glands receive their inneirvation 
from two general sources the sympathetic and the parasympathetic Stim- 
ulation of either nerve supply produces secretion In this senes of exper- 
iments the cervical S3nnpathetic fibers have been severed Consequently the 
responses obtamed cannot be due to stimulation of the medullary sympa- 
thetic or descendmg hypothalamic pathways It is also weU established 
that the vasodilation following the stimulation of the chorda tympam has 
no causal connection with the secretion of sahva by the gland m conse- 
quence of the stimulation (1) The fact that m our experiments a small dose 
of atropme abobshes the secretion produced by stimulation of responsive 
points in the medulla also mdicates that vaso-dilation, which remams active 
after atropme,* is not the pnmary factor causmg secretion Hence, it is 


* llcndprpon nnd Loowi (4) found th-it 
WH-retorj but not the %n!=o.dilator fibers of the 


ntropine in small doses 
chorda tj mpaiu 


paralyzed onh the 
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that other general visceral efferent neurones, such as the Edmger-Westphal 
nucleus of the third cranial nerve and the dorsal motor nucleus of the tenth 
cramal nerve, are located along the axis However, if this position is ac- 
cepted, it becomes difficult to explam the abundant submaxiUary secretion 
which results from stimulation of wide areas of the lateral reticular formation 
directly dorsal to the facial nucleus (Fig 2c) There is no reason to assume 
that the efferent and afferent fibers, if scattered over a wide region, would 
yield, upon stimulation such vigorous responses m a rather circumscribed 
area If, on the other hand, the nuclear masses are located in the lateral 
position, the axons wdl have to travel, like those from the facial nucleus 
and the nucleus ambiguus, rostrally and dorso-medialiy before making 
then exit The mcreased responsiveness m the lateral area may then he 
readily accounted for by the stimulation of the cells and the efferent fibers 
after they have made the turn, as well as the secondary afferent fibers from 
the nucleus of the sohtary fasaculus and the spmal tngemmal nucleus It 
IS recognized that the evidence presented here m favor of the lateral location 
of the sahvatory center is at best presumptive Nevertheless, this contention 
18 strengthened by Yagita’s anatomic studies of the sahvatory nuclei m the 
dog (17) and by T Cimm el’s recent ontogemc studies of the same nudei m 
the rabbit (5) 


Summary 

The lower bram stem of 35 cats has been stimulated with the aid of the 
Horsley-Clarke stereotaxic mstrument It was found that a copious sahvary 
flow IS easily ehcited from the homolateral glands when the medulla is stim- 
ulated with a weak current 

Analysis of the responsive locations reveals that sahvary secretion can 
be obtamed by stimulation of the mtrameduUary visceral (oral) afferent 
system, such as the sohtary fasciculus and its nucleus and certam portions 
of the spmal trigemmal nucleus and tract (mandibular division*?) On the 
efferent side, the distribution suggests that the sahvatory nuclear masses 
might be either m the medial position caudal to the facial genu, or more 
hkely, in the dorso-lateral region of the lateral reticular formation, dorso- 
medial to the spinal tngemmal nucleus, and dorsal to and at the level of 
the facial nucleus In the latter case, the efferent fibers must travel dorso- 
medially before they turn and make them exit m the ventro-lateral portion 
of the medulla In any event, there is no sharp division of the centers of the 
salivatory nerve fibers earned m the seventh and mnth cranial nerves The 
rostral portion supphes the submaxiUary glands, and the caudal portion the 
parotid There exists an mtermediate portion, stimulation of which yields 
both submaxiUary and parotid secretion 

The nuthor to thank Dr Walters Root for his in%aluable cnticism of the man- 
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additions were made cytochrome c, diphosphopyndme nucleotide,* cocarboxylase (di- 
phosphothiamin, prepared by Merck; and adenosinetnphosphate, prepared from rabbit 
muscle according to the method of Lohman (6) 

Pyruvic dehydrogenase The method of Quastel and Wheatley (11) was used, m which 
the reduction of femcyanide by hydrogen atom leads to the formation of acid In bicar- 
bonate solution this liberates CO; which is estimated manometncally The method was used 
as desenbed for succinic dehydrogenase (9) The failure of Quastel and Wheatley to deter- 
mine pyruvic dehydrogenase may be due to insufficient concentration of some coenzymes 
necessary for this enzyme system (6, 11) The substances used were those mention^ for 
the work with pyruvic oxidase 

Preparation of the tissue In view of the high sensitivity of some respiratory enzymes 
special precaution has to be used for the preparation of the matenal The trunk was rapidly 
cut and put into sea water of about -4-2“C The preparation of the isolated giant axon re 
quires considerable time and some preliminary experiments indicated that during this 
time the rate of respiration decreased The isolation of the giant axon was therefore aban- 
doned and the following procedure was adopted The whole trunk after having been cooled 
at 2°C for 6-8 mmutes was put on a cool glass plate and the axoplasm extruded The 
respiration of the axoplasm could then be compared with that of the whole trunk as well 
as with that of the remaming tissue consisting of small nerve fibers, connective tissue and 
sheath 

Estimation of dry weights The dry weights used for the calculation of the Qo, values 
were as follows For the head ganglion 200 mg per gm fresh weight, detennmed by 
Nachmansohn and B Meyerhof (8), for the axoplasm 100 mg per gm fresh weight, deter- 
mned by Bear and Schrmtt (2) , for the whole trunk 140 mg per gm and for the remainmg 
tissue 148 mg per gm fresh weight The figure for the whole trunk is based on the assump- 
tion that it has about the same dry weight as a lobster nerve trunk, for which Schmitt, 
Bear and Silver obtained a value of 140 mg per g (13) For the remaining tissue the figure 
found by Bear and Schmitt for the envelope of the giant fiber was taken Although it is 
possible that the actual values vary slightly from these figures, the difference could alter 
the final result only shghtly 

Results 

A Cytochrome oxidase 

The distnbution of the succuuc dehydrogenase found m the giant fiber 
suggests that the bulk of the respiratory 'enzyme system is located in the 
axoplasm This is however only indirect evidence The succinic-fumanc sys- 
tem may not be necessary m aU oxidative processes On the other hand, 
there is general agreement that the first activation of oxygen of physiological 

Table 1 Cytochrome oxidase in nerve tissue of the squid 

Tissue ground in 1 0 cc of 0 1 M phosphate buffer, pH =74 0 2 cc of p-phenylene- 
diamine, final concentration 0 03 M 0 2 cc. of cytochrome c, 1 0 mg per cc Time of 
observation 30 min t =23°C 


Exp 

No 

Head Ganglion 

Trunk Contaimng 
Giant Axon 

Axoplasm 

Remaimng 

Tissue 

Mg 

Tissue 

Qo. 

Mg 

Tissue 

Qos 

Mg 

Tissue 

Qo 

Mg 

Tissue 

Qo. 

1 

63 0 

-95 

77 0 

-0 98 

69 0 

-2 86 

61 0 

-0 25 

2 

63 0 

-93 

143 0 

-0 90 

43 0 

-3 42 

64 0 

—0 74 

3 

39 0 

-13 0 



30 0 

-3 40 
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Introduction 

The high concentration of choline esterase (ChE) at the neuronal surface, 
which may be demonstrated m the giant axon of the sqmd, and the parallel- 
ism found between the concentration of the enz 3 Tne and the E M F of the 
action potential m electric organs suggest that the release of acetylchohne 
(ACh) IS mtrmsicaHy connected with the electrical changes which occur 
during nerve activity (3, 8, 10) Investigations were therefore initiated to 
study the distribution of other enzymes known to be mvolved m the me- 
tabolism of nerve Experiments showed that approximately 90 per cent of 
succmic dehydrogenase and of the succimc oxidizmg system is located m the 
axoplasm, m contrast to the localization of ChE There was no evidence 
that a high concentration of these enzymes occurred at or near the neuronal 
surface (9) The concentration of vitamin Bi (as diphosphothiamm), on the 
other hand, is many times higher on the neuronal surface than m the axo- 
plasm 

In the present paper further observations on the distribution of respira- 
tory enzymes m the giant axon of the sqmd are descnbed 

METHODS 

Cytochrome oxidase The Oj uptake was measured by the usual manometnc method ot 
Barcroft-Warburg For the determination of cytochrome oxidase, small conic vessels were 
used, the total volume being only about 5 0 cc and the Ko. under conditions of the experi- 
ments 0 30-0 35 Tissue was ground in 0 1 M phosphate buJETer of pH 7 4 and 1 0 cc of the 
suspension was put into the \essels The homogerazer of Potter and EKejhem was used to 
grind It During the grinding the tube contaimng the tissue was kept mice water Axoplasm 
was put directly into the buffer without gnnding smce it dissohes rapidly m isotomc 
solution In 0 2 cc HO p-phenylenediamme dihydrochlonde was added to gixe a final 
concentration of 0 03 M Cytochrome c, prepared according to the method of Kedin and 
Hnrtrcc (4) was added in 0 2 cc of bufier, the final concentration being 1 mg per cc Con- 
trols were run wnthout tissue 

Pyruitc oxidav The respiration wath pj-rurate or glucose as substrate was measured 
in conic \cssels wath a center well for the KOH The total %oluroe was about 7 cc , the Ko 
with 1 0-2 0 cc of fluid present was 0 5-0 6 cc , 0 1 cc of 8 per cent KOH were put 
into the center well The tissue was either minced or ground m 0 1 M phosphate buffer of 
pH 7 t The final concentration of sodium pyrucate was 0 05 M In a few experiments wath 
minced tcssue no other substances were added In all the other experiments the following 

Tins work was made possible by grants of the Dazian and Josiah Macy, Jr Founda- 
tions ■' 

o 1 Pnmmencan SaniUiiy Bureau and the Department of Bioph\sics, 

School of Medicine Univennlj of Brazil, Rio de Janeiro 
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The results obtained with pyruvate as substrate are given m Table 2 
The rate of O2 uptake in minced head ganghon is nearly the same as if 
p-phenylenediamme is used as substrate, the Qo, values bemg —7 0 to 
—90 This mdicates that the concentrations of all the enzymes and co- 
enzymes necessary for the mtermediate reactions between the first step of 
pyruvic acid oxidation and the c3rtochrome-cytochrome oxidase system are 
suflaciently high so that they are not limitmg factors The oxidation of py- 
ruvic acid in dialyzed extracts of bram requires, accordmg to Banga, Ochoa 



Fig 1 Pyruvate oxidation 
in the head ganghon of squid Ab- 
scissae cmm O: per mg of tissue 
dry -weight Ordinates time m 
min • — • minced, o — o homog- 
enized tissue 0 5 cc of 0 1 M 
phosphate buffer, pH =7 4 01 
cc of sodium pyruvate, final con- 
centration (f c ) 0 05 ilf 0 1 cc of 
cytochrome c f c 1 mg per cc 0 2 
cc of adenosmetnphosphate, f c 
3 mg per cc 0 1 cc of diphospho- 
thiamm, f c 50 pg per cc 0 1 cc 
of diphosphopyndine nucleotide, 
f c 10 *ig per cc 


and Peters (1), at least the following substances adenyhc acid or adeno- 
smepolyphosphate, diphosphothiaimn (cocarboxylase), morgamc phosphate 
m a concentration of 0 05-9 1 molar, a Ci-dicarboxyhc acid such as succmic, 
fumanc or mahe acid in catal3rtic amoimts, magnesium ions and probably, 
although the evidence is not conclusive, diphosphopyndme nucleotide But 
smee the oxidation of p3iruvac acid m mmced ganghon is already as high as 
the activity of cytochrome oxidase permits, addition of these compounds 
caimot have any marked effect, and the Qo. of Experiment 4 is m fact the 
same as m the expenmenta without these additions 

When however the ganghon is groimd, the rate of p3rruvic acid oxidation 
falls off rapidly, even m the presence of all the factors known to be of con- 
sequence m this process Figure 1 shows the difference between ground and 
mmced tissue In this experiment the first readmg was made about one hour 
after the animal was killed In an experiment with ground ganghon m which 
the preparation was made with high rate of speed, the first reading was 
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significance in living cells occurs through the cytochrome'Cytochronae oxi- 
dase system It appeared therefore necessary to deter mi ne the distribution 
of cytochrome oxidase 

Cytochrome oxidase has been detennmed (i) m the head ganghon of the 
sqmd as sample of nerve tissue m which cell bodies and S 3 Tiapses are located, 
(u) m the whole trunk contaimng the giant axon, (m) m the axoplasm ex- 
truded from the trunk and (iv) m the tissue of the trunk which remains after 
the extrusion of the axoplasm 

The results are summarized m Table 1 The head ganghon has a remark- 
ably high rate of oxygen uptake for the tissue of a cold blooded animal The 


Table 2 Pyruvic oxidase in nerve tissue of the squid 

Minced tissue In the experiments Nos 1—3 with the head ganghon and Nos 1 and 2 
with the trunk the tissue was put into 0 8 cc of 0 1 molar phosphate buffer of pH 7 4 
0 1 cc of sodium pyruvate was added, its final concentration bemg 0 05 M In the other 
experiments the tissue was put mto 0 5 cc phosphate buffer and besides sidium pyruvate 
the following additions were made 0 1 cc of cytochrome c, final concentration = 1 mg 
per cc ,^0 12fcc of adenosmetnphosphate, f c =3 mg percc, 0 1 cc of diphosphopyndme- 
nucleotide, f c =10 /<g ’per cc , 0 1 cc of diphosphothiamin, f c =50’/ig per cc In centric 
well 0 1 cc of 8 per cent KOH Time of observation 30 min t =23-24“C 


Exp No 

Head Ganghon 

Trunk Contammg | 
Giant Axon j 

Axoplasm 

Rema: 

inintr 

Tissue 

Mg 

Tissue 

Qoj 

j 

Mg 

Tissue 

Qo. 

1 

Mg 

Tissue 

1 

Qo.. 

1 

i Mg 
j Tissue 

Qo. 

1 

42 0 

-6 7 

47 0 

-1 00 

67 0 1 

-0 34 

73 0 1 

-0 37 

2 

32 0 

-8 9 

44 0 

-1 22 

73 0 

-0 92 

123 0 1 

-0 88 

3 

51 0 

-8 4 

77 0 

-1 27 





4 

89 0 

-9 7 

184 0 

-1 40 






figures obtamed with the whole trunk and with the axoplasm and remammg 
tissue separately offer evidence that the greatest part of the cytochrome 
oxidase is locahzed m the axoplasm The Qo. values of the axoplasm (the 
0- uptake per mg of tissue dry weight) are about three times as high as those 
of the whole trunk The difference between the whole trunk and the axo- 
plasm IS even more marked than m the case of succmic dehydrogenase In 
the remammg tissue the values are lower than m the whole trunk It has 
to be borne in mind that while most of the axoplasm is removed from the 
giant axon, some still remams attached to the sheath Moreover the small 
fibers of the trunk retain their axoplasm. Part of the activity of the remam- 
ing tissue has therefore to be attributed to the axoplasm remammg m the 
trunk 

B Pyruvic oxidase 

Since pyruvate, or glucose, increases acetykhohne formation m bram in 
aerobic conditions, the enzymes necessary for the oxidation of these two 

subsUmces are of special mterest m connection unth the problem mvesti- 
gnted ^ 
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Table 3 Respiration of the head ganglion of squid 

Substrate glucose, 0 01 molar in 0 1 molar phosphate buffer, pH =74 Minced 
tissue Tune of observation 30 mm t •=23°C 


Exp No 

1 ; 

2 

3 

1 

4 

1 6 

Mg Tissue Fresh Weight j 

42 0 

36 0 

42 0 

36 0 

34 0 

Qoj 

-a 2 

-8 0 

i -6 3 

1 

-7 0 

1 

-8 2 


Sion of the head ganghon The eflFect is shown in Fig 3 In the presence of 
adenosuietriphosphate, succmic acid and diphosphopyndine nucleotide, the 
rate of CO 2 production m the presence of pyruvate is only shghtly increased 
over the rate of control But if cocarboxylase is added the increase of the 


4C0carb 



1 0 cc of suspension m bicarbonated Rmger Concentration of substances 
added 0 2 of sodium pyruvate, f c 0 05 M 0 1 cc of sodium succinate, f c 
0 001 M 0 2 cc of adenosmetnphosphate (ATP), f c 3 mg per cc 0 2 cc of 
diphosphop 3 rndme nucleotide (DPN), f c 10 sg per cc 0 1 cc of diphospho- 
tluamin (cocarboxylase), f c 60 ng per cc 0 1 cc of potassium femcyanide 
in the side bulb 
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made 20 mm after death, the oxidation rate during the first 30 mm was 
nearly as high as m mmced tissue In the second half hour the rate of the 
oxidation went down rapidly and did not differ from that of the experment 
m Fig 1 Even so the compoimds added seem to have some effect as in the 
bram dispersions of Banga, Ochoa and Peters In the experiment presented 



Fig 2 Effect of diphosphothmnun and succinate on pyruvate oudation with an 
homogenized suspension of the head ganglion of the squid The concentration of the 
substances added was the same as in the eipenments shown in Fig 2 and 3 


m Fig 2, the rate of 0: uptake is lowest m the vessel containmg pyruvate, 
adenosmetnphosphate, diphosphopyndme nucleotide and cytochrome c 
The rate rises if diphosphothiamm is added and even more if, besides that, 
a Ci-dicarboxyhc acid (succmic acid) is present 

The difference between pyruvic oxidation m ground and mmced tissue 
indicates that some enzymes necessary for this process are rather fragile and 
rapidly lose their activity if the cell is destroyed, or there is still an unknown 
factor which is not present m suffiaently high concentration m homogenized 
tissue suspension It can therefore not be expected that pyruvic acid oxida- 
tion m the axoplasm is measurable, because the axoplasm dissolves rapidly 
in isotomc solution The Qo. values are mdeed low 

If glucose 18 used as substrate with mmced ganghon, the rate is the same 
as with pyruvate (Table 3) 

C Pyruvic dehydrogenase 

In brain preparations pjruvic acid can be broken down to some extent 
by dehydrogenation to carbon dioxide and acetic acid (11) Diphosphotbiamm 
strongly stimulates pyruvic acid dehydrogenation in a homogenized suspen- 
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the axoplasm as compared with other ceUs whereas the rate of acetylchobae 
metabohsm is extremely high in the sheath 

The oxidation of pyruvic acid, necessary for acetylchohne formation m 
bram tissue, occurs m the head ganghon and the trunk contammg the giant 
axon at approximately the same rate as the O; uptake with p-phenylenedi- 
amme This mdicates that the intermediate steps of pyruvic acid oxidation 
occur at a rate hmited only by that of the 0;-uptake through the cyto- 
chrome-cytochrome oxidase system Direct evidence, however, could not be 
brought smce the oxidation of pyruvic acid falls off rapidly if the cell struc- 
ture IS not mtact 

The increase of the rate of pyruvic acid dehydrogenation m presence of 
diphosphothiarmn is of special mterest Accordmg to Long about 20 per cent 
of the p 3 mivic acid removed by oxidation m bram, can be accounted for as 
acetic aad, whereas the greater part is completely oxidized to carbon dioxide 
and H:0 In view of the high concentration of diphosphothiannn at the 
neuronal surface it is possible that a higher percentage of p 3 rruvate is there 
transformed into acetic acid by dehydrogenation Whether this is of physio- 
logical sigmficance for the formation of acetylchohne can not be decided at 
present and the problem reqmres further investigation 

SUMMART 

1 The distribution of cytochrome oxidase in nerve tissue of the sqmd 
has been studied In the head ganghon the concentration is remarkably high, 
the Qo, at 23 “C bemg —9 0 to —13 0 In the axoplasm extruded from tiie 
trunk contammg the giant axon the concentration is lower, but relatively 
high compared with that of the remainmg tissue This findmg is evidence 
for the previous assumption that the bulk of the respiratory enzymes is con- 
fined to the axoplasm while m contrast practically ^ of the chohne esterase 
IS found at the neuronal surface 

2 Oxidation of pyruvic acid m the mmced head ganghon occurs at a rate 
similar to that of p-phenylenediamme, the Qo. bemg about —7 0 to —90 
On the other hand, m a ground suspension of the head ganghon the activity 
of pyruvic oxidase falls off rapidly even if the foUowmg substances known to 
be of consequence m pyruvic acid oxidation are added cytochrome c, adeno- 
smetnphosphate, diphosphothiarmn, diphosphopyndme nucleotide and suc- 
cmate In the axoplasm the activity of pyruvic oxidase was small, although 
m the whole trunk if mmced, the rate of O: uptake is about the same with 
pyruvate as with p-phenylenediamme The axoplasm dissolves rapidly m 
isotomc solution Therefore the low Qo. values must be attributed to the 
rapid loss of actvity if the cell structure is destroyed 

3 Pyruvic dehydrogenation is strongly mcreased m the presence of di- 
phosphothiamm In view of the concentration of this coenz 3 ane at the neu- 
ronal surface this mcomplete breakdown, yieldmg acetic acid and carbon 
dioxide, may be of significance for the formation of acetylchohne 
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rate of COs production is about 3 tunes as higb as without this compound 
The concentration of diphosphothiamin was 50 ng per cc , a concentration 
not far from the possible or even probable physiological concentration at or 

near the neuronal surface , , ^ ^ v 

The presence of adenosmetnphosphate has only a shght effect, as shown 

m the experiment presented in Fig 4 


+cocarb 



Fig 4 Effect of adenosinetnphosphate (ATP) on pyruvate de- 
hydrogenation with an homogenized suspension of the head ganglion of 
the squid Concentrations used are the same as in the expenment shown 
in Fig 3 


Discussion 

The observations here described on the distnbution of cytochrome oxi- 
dase demonstrate its high concentration in the axoplasm of the nerve fiber 
as compared with the low concentration in the nert^e sheath Smce the 
physiological activation of oxygen occurs through the cytochrome-cyto- 
chrome oxidase system, this distnbution appears sigmficant It does not 
indicate any direct or immediate connection between oxidation and the ac- 
tion potential, although oxidation must be the final energy source as for all 
coll processes The localization of chohne esterase at the neuronal surface m 
contrast to that of respiratory enzymes becomes even more sigmficant It is 
worthy of note that the rate of 0; uptake is, in absolute values, low even m 
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radiation and cerebral cortex, particularly with reference to the differential 
rates at which these structures can be reactivated from the penphery 


METHOD 

The results are based upon expenments earned out on 9 adult monkeys (Macaca 
mulatto) * The majonty of these animals had had operations on the internal ear through the 
mastoid bone several weeks before our acute experiment 

The technique and apparatus for secunng simultaneous electroencephalograms and a 
record of photic stimulation have been desenbed previously (8, 9) After anesthetizing the 
animals with nembutal administered intrapentoneally, the scalp was reflected and the 
calvanum removed from the occipital lobe The dura was opened and reflected medially 
The animal was then placed on a board facing the source of light In most experiments 
both pupillary and accommodative reflexes were eliminated by installation of 0 5 per cent 
solution of scopolamine hydrochloride into the conjunctival sacs of both eyes This, how- 
ever, proved to be unnecessary, and satisfactoiy results were obtamed with undilated 
pupils Bhnking movements were eliminated by continuous use of lid retractors, this pro- 
cedure was also found to be superfluous An Adnan-Bronk concentric dipolar needle elec- 
trode was passed manually through the middle portion of the first temporal convolution 
mto the lateral geniculate body on one or both sides When the activity of the tectum 
mesencephali was studied, a needle electrode was inserted along the tentorium cerebelh A 
similar needle electrode was inserted into the optic nerve by passing it through the inner 
canthus of the eye along the medial margin of the orbit until it reached the optic nerve 

Most of the recording was done by means of a three-channel ink-wnting electroen- 
cephalograph For greater accuracy in determimng time relations, additional recording was 
made on bromide paper with a movmg loop oscillograph 

The position of the electrodes was controlled anatomically by removing the brain and 
sectiomng it in slabs 1 mm in thickness after formalin fixation 


Results 

The results will be discussed under the headings of the individual anatom- 
c al structures 

1 Cerebral cortex 

From leads placed upon the stnate cortex on either the medial or lateral 
surface of the cerebral hemisphere electneal responses were obtained from 
photic stimulation of the retina Leads from any other cortical area have 
not given such responses, even when placed on the parastnate area there 
were no responses The response may be of several types At slower speeds 
of stimulation (up to 8-9 per sec ) usually the response consists of two 
waves, one foUowmg the "on” sign^ and the other the "off’ At slow speeds 
the "on” response is usually greater than the "off” response But as the 
speed mcreases the two may become of equal amphtude (Fig IE) With still 
further acceleration the "off” effect drops out and the resultant effect is a 
senes of approximately smusoidal waves correspondmg to the rate of stim- 
ulation (Fig 1) 

Effect of frequency The cortical rhythm may be dnven up to a frequency 
of 34 per sec Above this level it proved impossible to dnve the cortical 
potentials with the luminous intensities used Possibly with higher mtensi- 
ties the cortex would respond to individual flashes at higher frequencies 
The highest mtensity at the eye of the monkey has been 30 foot candles, 

* It IS a pleasure to acknowledge the kmdness of Dr John R Lmdsay in placmg these 
prmnnla at OUT disposal for termmal experimentation 
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iNTBODUCnON 

In contrast with its high resolving power in space, the resolving power m 
time of the mammahan visual system is relatively low Thus the range of 
frequencies of mtenmttent bght that man can distmguish from steady hght 
IS from 4 or 5 cycles per sec (c p s ) at low mtensities to about 55 c p s at 
high mtensities (11) Smce it is well known that sensory nerves can transmit 
discrete impulses at rates above this upper limit, it has come to be rather 
generally assumed, m the absence of experimental evidence to the contrary, 
that the limitmg factor m temporal resolvmg power must be the retma 
Thus "retmal lag” or "persistence” has long been made the basis of many 
visual phenomena from the fusion (freedom from flicker) of motion pictures 
when projected at 15 to 20 c p s to chromatic after-images The essentially 
retmal locus of the fusion mechanism has, moreover, gamed substantial 
support m recent years from the demonstration by Hecht and his co-workers 
that Talbot’s Law, govemmg the apparent brightness of mtenmttent hght 
at the pomt of fusion, may be derived from the equations of a reversible 
photochemical reaction, which had previously been evolved to descnbe 
certam photosensory behavior of the clam, Mya arenana (10, 11, 12) 

It would seem to be a useful workmg hypothesis that the primary phe- 
nomena of fusion are dependent upon the maximum rate at which the sloiuest 
element m the visual system can be reactivated from the periphery Such 
an hypothesis not only permits a relatively direct experimental approach 
but does not obviate the possible operation of secondary mechamsms such 
as may be required, for example, to account for such phenomena of flicker 
constancy as descnbed by Bartley (3). 

As one step m our analysis of this problem, experiments have been earned 
out on monkey, whose fusion mechamsm is known to have several important 
features in common with that of man (6, 13) 

In previous papers ve have shown that m hne with the obser\'ations of 
Bartley (1, 4) and Bishop (5) on cat and rabbit, the electrical activity re- 
corded from the region of the ocapital lobe of monkey may be modified m 
certain charactenstic uajs by intermittent photic stimulation (8, 9) The 
present report extends this miestigation to the effects of such stimulation 
on the optic nen’e, lateral gemculate body, tectum mesencephalon, optic 
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frequency of 62 per sec Higher photic intensities cause augmentation of 
the response obtained from the optic nerve (Fig 3) 

Tectum mesencephali With needle electrodes m the tectum mesencephali 
(superior colhculus) good driving responses to photic stimulation were ob- 
tamed The amphtude of these responses is not so great as that from the 
lateral gemculate body That it is not an artefact due to pick-up of spread 
IS evident from the fact that no responses occur when the electrode is placed 
m the adjacent corpus callosum 
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Fig 2 A senes of records 
from the stnate cortex (C) and 
the lateral gemculate hody (G) to 
show the driving effect at differ- 
ent frequencies The top record 
IS at 23 c pj5 the middle at 32 6 
c p-s and the lowest one at 59 

cp^ In the first two records both 
the cortex and lateral gemculate 
body respond to the photic stim- 
uli (P), but m the thud record the 
cortex has assumed its own 
rhythm imd only the lateral gemc- 
ulate body responds At the bot- 
tom of each record is a time signal 
(T) indicatmg 1/100 sec The 
tracmgs were made on bromide 
paper with the loop oscillograph 
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Optic radiation On a number of occasions we have attempted to place 
a needle m the optic radiations but the responses have never been satis- 
factory Whether this is because the fibers of the radiation are more diffuse 
than at the gemculate level or is the result of the type of impulse passmg 
over these fibers is not evident at this tune 

Discussion 

Localization of driving effect Evidence of cortical localization of the dnv- 
mg effect was revealed by the fact that dnvmg at rates up to 34 c p s could 
be obtamed only when the leads were located on the stnate cortex No 
dnvmg could be ehcited from the parastnate area (cf 16, 16) Further 
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which, using an episcatistor having a hght dark ratio of 1 2 means that the 
effective flicker mtensity was 10 foot candles 

At a low hght mtensity it was possible to produce dnvmg with low fre- 
quencies whereas high frequencies were meffective Thus m one preparation 
usmg an mtensity of 4-foot candles dnvmg could be obtamed at a frequency 
of 8 but not of 17 per sec 
Increasmg the mtensity at 
the latter frequency pro- 
duced good dnvmg 

IxiiGTisity TiiG unpor- 

by the fact that m general 
the higher the frequency, 
the more mtense the stunu- q ItTLJT-hhhhlvf 

lus required We have ob- ^_^-^Avv^ 

tamed dnvmg at an mtensity 
below I foot candle With 
low mtensities dnvmg re- 
sulted with low frequenaes 
The higher ranges of mten- 
sity have not been explored ^ 

2 Lateral geniculate body 

Electncal responses m ^ j^J~UXraxrj~UTru^^ 

the lateral gemculate body 
follow regularly upon photic 

stimulation of the retma at p 

frequencies up to 59 1 per ^ 

sec Beyond this pomt dnv- ' ' ’ * ' 

mg codd not be ehcited, al- Fig l A senes of electrocort.cograms of the 

though the activity of the Stnate area showing the cinx-mg effect of photic stunu- 
lateral geniculate body is retina at frequencies from 3 5 cycles per 

distinctly chnnooH frr.rr.+ko+ ^ ^ distuict "ofiT’ and 

OlStmctly changed from that "on” effect dmppears between 75 cp^ (D) and 
of the restmg state The re- 9 5 c p s (C) 
spouses are usually spike- 

hke but at tunes assume wave form At tunes a frequency m the gemculate 
develops at twice the rate of retmai stimulation, but more often and es- 
pecially with higher frequencies the gemculate rate is half that of the photic 
stunulation (Fig 2) 

The lateral gemculate response occurs to minimal mtensities of hght but 
IS more pronounced to brighter photic stunuh 

3 Optic nerve 

respects sunilar to 

those from the lateral gemculate body They vtU foUow stunuh up to a 


Fig 1 A senes of electrocorticograms of the 
stnate area showing the dnxTng effect of photic stunu- 
tion of the retina at frequencies from 3 5 cycles per 
sec (G) to 15 per sec (A) The distmct "off” and 
"on” effect disappears between 7 5 c p^ (D) and 
9 5 c p 8 (C) 
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second helow that for man If the velocity of a reversible photochemical 
reaction m the retma (as suggested by Hecht, 11) establishes a maxunum 
limit beyond which fusion occurs, it seems that supramaximal values would 
be required for dnving the optic nerve and lateral gemculate body at a rate 
of 62 and 59 c p s respectively 

Possible pupillary effect eliminated Most of the determmations of max- 
imum fusion frequency in man have employed either an artificial or the 
natural pupil However, Halstead (7) could demonstrate no sigmficant 
difference m critical fusion frequency m a normal subject with maximal 
pupillary dilatation produced by scopolamme As mentioned previously m 
our statement of method, mydriasis had no influence on the dnvmg effect 
m monkey 

Other evidence of neural basis of fusion Recently reported observations 
by Kluver (14) mdicate that, m contrast with the behavior of a normal 
monkey, the differential response of a monkey m which both occipital lobes 
have been removed is not disturbed by substitutmg an mtemuttent hght 
of moderate mtensity for a contmuous one This was true when the inter- 
mittent rate was as slow as 4 c p s (hght to dark ratio = \) This might be 
due to marked shift or lowering of critical fusion frequency associated with 
removal of the occipital lobes As support for such an mterpretation, how- 
ever, it should be proved to be impossible to estabhsh a differential response 
m the monkey lackmg both ocapital lobes to two stunuh equated as to 
lummous flux but differmg m rate of mtermittency, for example, 10 c p s 
versus 6 c p s 

The observations of Seitz (17) that strychnme apphed to one eye of 
human subjects raises the critical fusion frequency for that eye without 
affectmg the other eye would seem to be m hne with a neural mterpretation 
of the fusion mechamsm, unless it can be shown that strychnme markedly 
augments photochemical activity In Seitz’ experiments the elevation of 
cntical fusion frequency under strychmne was of the same order as the 
depressmg effect on fusion frequency of acute exposure to the anoxia associ- 
ated with a simulated altitude of 20,000 feet It should perhaps be noted 
that his conclusion that the effect of strychnme "cancels” the effect of an- 
oxia is somewhat misleadmg That it may mask the effect of anoxia on 
critical fusion frequency is probably as much as can be concluded from 
his results 


SUMMAKY 

The dnvmg effect of mtermittent photic stimulation on the electncal 
activity of the optic nerve, lateral gemculate body, tectum mesencephalon, 
optic radiations and cortex has been explored m monkey {Macaca mulatto) 
It was found 

(i) At an mtensity of 10 fc , the optic nerve and lateral gemculate body 
could be dnven at a maximum rate of 62 c p s , and 69 c p s respectively, a 
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investigation suggests that photic stimuh may modify the activity of areas 
other than the stnate cortex This pomt is now bemg studied m more detail 

Effect of intensity The effect of intensity, is m hne with oiu: previous 
findmgs based upon recordmg from leads attached to the scalp of the un- 
anesthetized monkey (8, 9) However, the range of frequencies through 
which mtensity is effective is greater m the present mstance where recordmg 
was from leads placed directly m contact with particular bram structures 
and with the animal mamtamed under relatively deep anaesthesia than m 
the previous experiments 

Differential driving rates for a given intensity The most stnkmg feature 
of the present results hes m the marked difference at which, for a given m- 


Fig 3 Two records taken 
from the optic nerve (O) showing 
the response to individual photic 
stimuli (P) at a frequency of 54 2 
(above) and 62 (below) per sec 
A time sigrnal (T) indicating 1 /lOO 
sec is at the bottom of each rec- 
ord Both tracings were made on 
bromide paper with a loop oscillo- 
graph 
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tensity of hght, the vanous visual structures could be reactivated (driven) 
from the penphery With a lummous flux (at the eye of the animal) of 10 fc 
the optic nerve and lateral gemculate body drove regularly throughout a 
range of from 1 to 62 c p s and 1 to 59 c p s respectively (2) The stnate 
cortex on the other hand, followed regularly at 1 c p s but could never be 
dnven above 34 c p s Smce this latter value falls within the range at which 
Brecher (6) found mtermittent hght to fuse for monkey, it is possible that 
a fusion mechamsm provided by the cortex constitutes a physiological bar- 
ner to driving at higher frequencies Whether this is definitely the case must 
await further investigation smce it is possible that the nembutal anaesthesia, 
which we employed, acted to suppress the dnvmg rate of cortical structures 
while spanng, relatively at least, more penpheral structures Also, a satis- 
factory dnvmg effect from the optic radiations has not yet been obtamed 
It IS significant, however, that dnvmg of the optic nen^e and lateral ge- 
niculate body occurred at a rate as high as 62 and 59 c p s respectively This 
IS well above the maximum values for fusion, found by Hecht and Vemip in 

man (11) Furthermore, Brecher’s results mdicate that for the range of inten- 
sities employed by us, fusion occurs for the monkey at several cycles per 
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rate that is well above the maximal critical fusion frequency for man and 
probably for monkey, 

(u) The cortex of the stnate area could be driven at a m aximum rate of 
34 c p s 

(m) While a dnvmg effect could be obtamed from the tectum mesen- 
cephah and from the optic radiations, it was not sufficiently stable to permit 
a determmation of maximum rate 

(iv) The possibhhty is considered that our findmgs mdicate a fusion 
mechanism m the cortex, which limits the temporal resolvmg power of the 
pnmate visual system 
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STEPHEN WALTER RANSON, 1880-1942 

An Appreciation 

Stephen Walter Ranson, Professor of Neurology and Director of the 
Institute of Neurology of the Northwestern University Medical School, was 
a distinguished contributor to anatomical and physiological science durmg 
the past four decades After receiving his baccalaureate at the Umversity 
of Minnesota at the age of 22, he, in the next five years received successively 
the MS, Ph D and the M D After two further years of academic and 
medical apprenticeship he commenced his academic career at Northwestern 
Medical School m 1909 and three years later was appomted to the chair of 
anatomy In 1928 he was selected to direct the newly founded Institute of 
Neurology 

His hfe was devoted to the study of the mmute and barely attamable, 
and he discovered where others have looked and not beheld Like the 
astronomer who knows the existence of a star before it is seen, he early 
deduced the existence of a system of nerve fibers which had escaped the 
microscope, and by the development of speaal stains brought them mto 
view To the study of these fine nerve fibers he, and others returned agam 
and agam, until their connection with pains that have baflied the physician 
and surgeon is finally becommg clear 

In his recent years he addressed himself to the part of the nervous system, 
mmute and deeply concealed m the bram, which controls the functions of 
the human body on which hfe depends To this he brought a device which 
enabled him to penetrate deeply mto the substance of the bram, to stimulate 
or to destroy, and to chart with the accuracy of the siuveyor the functional 
topography of the bram The closeness of his search and the exactness of 
technique was again rewarded by disclosmg the function of another system 
of nerve fibers— fibers which pass directly from the bram to the pituitary 
gland and control its secretion 
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muscles To avoid these contractions it is sufficient to wash the nerves frequently with 
Ringer’s solution, and the skm of the legs with fresh water In these experunents mechanical 
excitations of feet and legs were employed After a certain time, when the reflexes are weak- 
enmg, the excitations must be repeated and summated In this penod, one single excitation 
can be inefllcient, while repeated excitations still produce strong reflexes Disappearance of 
reflexes is established when the strongest repeated excitations do not provoke any reachon 

Results 

Spontaneous movements In experiments with American frogs, prepara- 
tions of isolated spinal cord and legs frequently show spontaneous move- 



ments These movements are weU coordmated, and the legs flex and extend 
alternately Such reactions can be observed for a few mmutes In some cases, 
just one leg presents this form of activity while the other one is at rest 
Spontaneous coordmated movements are not to be seen when the spmal 
medulla is m a Rmger’s bath at low or high temperatures, below 3 5 or 
above 21'’C In many cases high temperatures produce strong excitations^ 
the legs react m discoordmated movements that soon disappear Between 8 
and 18°C spontaneous movements are produced m almost all cases Perhaps, 
the spmal cord at these temperatures finds itself m a state of mcreased 
excitabihty and is able to answer to excitations not directly made, but that 
are due to exposure of the tissues to air 

Alterations of reflexes In American frogs the reflexes do not show aU the 


TEMPERATURE EFFECTS ON REFLEXES OF ISOLATED 

SPINAL CORD 

HEAT PARALYSIS AND COLD PARALYSIS 

MIGUEL OZORIO de ALMEIDA 
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New Haven, Connecticut 

(Received for pubbcation May 12, 1942) 

Effects of temperature on reflexes offrogs have been studied in experiments 
m which temperature changes affected the entire body No experiments are 
recorded m which the influence of temperature has been confined to the nerv- 
ous system without affectmg muscles and receptors Employing a prepara- 
tion of the vertebral column containing the spmai cord isolated from the 
body, except by the ihac nerves which mamtam nervous communication 
with the legs, and by puttmg the vertebral column m baths of Rmger’s 
solution at different temperatures, it has been shown m Br azili a n frogs 
(Leptodaclylus ocellatus), that the form and also resistance of the reflexes 
present constant alterations at temperatures above and below an average 
temperature of about 18°C It was also found that the curves of resistance 
at different temperatures show quantitative variations when obtamed m 
different seasons of the year (1) 

In this paper are related the results of similar experiments m American 
frogs {Rana pipiens) conducted a year ago at Yale Umversity Brazilian frogs 
develop convulsive attacks if the spinal cord is cooled b^ow 8 5°C This 
fact does not permit experiments on the reflexes at these low temperatures 
However, in American as m European frogs, this attack is normally produced 
only at temperatures below O^C Usmg Rana pipiens it has now been possible 
to enlarge the limits of temperatures employed as it happened before m the 
experiments conducted at Pans 

APPARATUS AND METHODS 

The preparation is made just before each eipenment After separation of the spinal 
cord from the superior centres, the animal is pinned as usual on a cork plate The skm 
IS cut along the dorsal median line After cutting the aponeuroses, the urostyle is picked 
up with the forceps and the sacro-coccygeal and 3io-coccygeal muscles se\ ered The lumbar 
nones are dissected and isolated It is then possible to separate the \ertebral column from 
the body The legs with the isolated iliac bones are attached by threads to a horizontal 
support if the experiment is intended to be a simple observation, or on the plate of a 
myograph if records are wanted Figure 1 shows schematically the experimental procedure 
to obtain Ringer s baths at different temperatures The essential part is the small apparatus 
A The Ringer’s solution in the upper part is isolated from the circulating hquid (water; 
or water, ice and salt for low temperatures) coming from flask F Careful regulation of the 
output and of the temperature of the water permits having the Ringer’s baths at the de- 
sired temperature 

In exjKinroonts conducted during the winter in New Haven, the laboratory s atmos- 
phere was too dry Nerves in contact with the nm of the bowl contaimng the Rmger’s bath 
were ewn oxated by Ringers solution which had previously overflowed and by losing 
watir, had become a hypertonic solution This happens particularly in experiments at high 
temperatures The nerve’s excitation is shown by spontaneous contractions of the leg 
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the communication with the flask F is opened and the cuculation of cold 
water produces a fall of temperature so that the oil attains 20° m 4 or 6 min , 
utes The reflexes return with their normal characteristics Therefore, the 
spmal cord, which has remained m the oil without contact with the air, is 
paralysed by heat and recovers from this paralysis only by coohng 

Resistance of reflexes The tune needed for the disappearance of the re- 



Fig 2 Curves of the time of disappearance of the reflexes when the isolated medulla 
IS submitted to different temperatures Plus signs, experiments made in January, blade 
dots, experiments made in February and March 


flexes is variable with the temperature, and the curves obtamed are of similar 
shape as those previously obtamed m Rio de Janeuo and Pans However, 
the curves are themselves not supenmposable, and m this case, it seems that 
the action of chmate and general conditions of the hfe of the frogs must be 
taken mto consideration In the experiments at New Haven, two different 
curves were obtamed (Fig 2), the first m January at the begmmng of the 
cold weather, and another between February 10 and March 6 The expen- 
mental results are reproduced m Table 1 for the first penod and Table 2 for 


the second 

The tune before the disappearance of the reflexes mcreases with m- 
creasmg temperatures attauung a maximum at 15°C on the average, and 
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alterations previously observed m Braziban frogs However, at low tempera- 
tures the same t 3 rpe of alterations are to be observed flexion is prolonged and 
the flexed legs shows rapid alternate movements m the different segments, 
it 18 a type of clonus produced by cold However, on the other hand, at high 
temperature the reversal of reflexes observed in Brazi li a n frogs, consisting 
of a change of flexion mto active extension, is not seen m American frogs 
The reflexes mamtam the flexion type until they disappear In some cases, 
after flexion, the return of the legs to a normal position is not simply due to 
relaxation of flexor muscles but to a shght contraction of the extensors 
Exhaustion of reflexes — Heat paralysis and cold paralysis If the spmal 
cord IS subjected to different temperatures, the reflexes disappear after dif- 
ferent time mtervals, m direct correlation with the temperature If the 
spmal medulla is agam put m a RffigePs bath at room temperature im- 
mediately after cessation of the activity of the spmal centres under direct 
action of cold or heat, two different results can be obtamed When m the 
first part of the experiment, the temperature of the bath is between 14° 
and 29°C , the reflexes do not return the spmal centres are exhausted When 
the previous temperature is below 14° or above 29°C , the reflexes return 
normally Under the action of cold or heat, the lack of action of the medullary 
centres is not due to exhaustion The nervous centres are paralysed, and they 
can present a heat paralysis or a cold paralysis Alternate penods of paralysis 
and activity can be obtamed many tunes m the same preparation The bath’s 
temperature where paralysis is produced must be sufficiently low or suffi- 
ciently high so that the state of paralysis is attamed m a short time After 
some repetitions of the state of paralysis and recovery, the reflexes are de- 
fimtively exhausted For example, m one experiment (Feb 6), m the Rmger’s 
bath at 35°, the medulla lost all reactions after 3 mm , when removed to 
another bath at 20°, the reflexes were present agam 30 sec afterwards, a 
second penod of temperature at 35° produced the disappearance of reflexes 
after 1 mm These reflexes reappeared after the preparafron was replaced m 
the bath at 20° Fmally, the third time that the medulla was subjected to 
35°, the reflexes disappeared permanently 

Heat paralysis of the nervous centres has been studied by different 
methods by other physiologists, Workmg with the whole frog, Wmterstem 
(2) explamed this phenomenon as the result of an asphyxiation of the centres 
The results obtained in experiments with the isolated spmal cord do not sup- 
port this ex-planation Control experiments demonstrate that the restoration 
of reflexes, after the return of the paralysed medulla to normal temperature, 
IS obtamed without the contact of the nervous centres with the outside air. 

Instead of Rmger’s solution, the apparatus for coohng the medulla con- 
tained paraffin oil, which is heated to a temperature of 35°C by the circula- 
tion of hot water m the external part of the bowl Then the commumcation 
of the bowl wth the flask F is closed and the hot water is replaced by cold 
water 'The oil’s temperature is mamtamed for the necessary time Putting 
the medulla of a preparation m the hot oil, after the reflexes have disappeared 
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Localisation of action of heat Heat paralysis, observed m other ways, has 
raised the question Does paralysis result from the action of temperature on 
the nervous centres, or on thepenpheral organs'^ ExpenmentsofArchangelsky 
and of Becht (4) have shown that it is the central nervous system that loses 
its functions under action of high temperatures In the experiments here 
reported, the question is more himted The muscles and skin receptors are 
not subjected to heatmg, and the results can be due only to the iteration 
of the temperature of the nervous centres or the peripheral nerves 

The analysis of this point has been made m several different experiments 
The nerve trunks of the preparation were enveloped with cotton, while the 
vertebral column and the legs were at room temperature Between the two 
nerve bundles, and also contamed m the cotton envelope was placed one 
thermometer The cotton was then soaked with a hot Rmger’s solution which 
was frequently renewed, and m this manner, the temperature was mamtained 
between 32° and 34°C The reflexes disappeared after 16 mm At this tem- 
perature the whole spmal medulla does not react after 4 to 6 mm Disap- 
pearance of the reflexes, due to nerve paralysis, takes then three times longer 
to be produced than central nervous paralysis In other expenmente the two 
lege of the preparation were separated by a section along the median hne 
While one leg was m hot Rmger’s bath, the other and the medulla were out- 
side the apparatus at room temperature For example, m one experiment, m 
the leg heated at 34 5°C m the bath, the reflexes disappeared after 17 mm , 
while m the other leg they were perfectly normal and strong At 34 6°C , the 
spmal cord loses its functions after 2 5 or 3 6 mm In this experiment, the 
time necessary for paralysis due to the action of the temperature on the 
penpheral organs, mcludmg the nerves, was 5 to 6 times greater than m the 
case of central paralysis 

Recovery time after heat or cold paralysis After cold or heat paralysis, the 
spmal cord bemg agam replaced m baths at room temperature the time 
mtervals durmg which the reflexes reappear are not constant In the case of 
cold paralysis, the recovery tune decreases when previous temperature pro- 
ducmg paralysis mcreases, m the case of heat paralysis, the recovery time 
mcreases with mcreasmg temperatures Figures of values obtamed are found 
m column 5 of Table 2 


Discussion 

In the conditions of the experiments reported, the spmal cord is con- 
tamed m the vertebral canal without blood circulation and covered by a thick 
envelope of tissue Respiratory exchanges between the nervous centres and 
the outside air may be completely suppressed The medullary centres can 
mamtam their functions durmg the tune they dispose of a certam amount of 
oxygen previously existent, or durmg the tune that carbon dioxide or other 
substances produced by metabolism do not attam a level where paralysant 
action manifests itself 

Between 14° and 29°C the nervous centres’ function disappears when 
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Table 1 Time of disappearance of the reflexes in different temperatures, January 13 


SreSrLo) 5 5 «« M 5 19 7 25 8 

Centigrade 
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of the reflexes (t,) 7 

™Ta6fe 2 Time of disappearance {U) of the reflexes in different temperatur^ of Ringer's 
baths (0), and recovery time {U) in baths at room temperature (0') The time of ^hausUon at 
room temperature when the medulla is put from the beginning at the Ringer s bath {0 ) is t 
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decreasing afterwards with higher temperatures In these experiments re- 
sults at high temperatures were more regular than at low The results were 
not obtained the same day, but this does not explain the irregularities 

In the middle temperatures the tune of resistance is considerable and 
the question anses whether, m the end, the exhaustion of the reflexes is truly 
due to an exhaustion of the nerves or nervous centres, or if the muscles de- 
pnved of circulation at room temperature are no longer able to react New 
expenments demonstrate that this is not the case Sometimes the total 
time of resistance of the reflexes is greater than the maximum observed m 
the curve, if the spmal cord is subjected to a low temperature before and to 
the middle temperature aftenvards In control expenments all circulation 
in the postenor half of the body was tied, while the anterior half was m a 
nearly normal condition Reflexes w'ere present more than an hour Fmally, 
Bnghoni l3) m expenments with his preparation of spinal medulla isolated 
and ex-posed to air, and commumcating by the sciatic nerve with the leg 
cut at level of the knee, has seen that at room temperature the reflexes resist 
more than two hours 
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5 Reflex exhaustion is permanent when the spmal cord is subjected to 
temperatures between 14° and 29°C 

6 Above 29°C , before exhaustion, the spinal centres are paralysed after 
mtervals of time decreasmg with mcreasmg temperatures Recovery is ob- 
tamed if the spmal medulla is put agam in the mean temperature Heat 
paralysis is not due to asph 3 uua, and recovery does not depend of any ex- 
change between nervous centres and the outside atmosphere 

7 Below 14°C , cold paralysis is observed and the time for it to be pro- 
duced is shorter the lower is the actmg temperature Recovery also is ob- 
tamed, after paralysis, when the medulla is placed again m the mean tem- 
perature Cold paralysis, as heat paralysis, intervenes before the exhaustion 
of the centres 

8 Heat and cold paralysis are not due to an mterruption of conduction 
m the nerve or to any action on penpheral organs Under the action of low 
or high temperatures the nervous centres cease their functions long before 
penpheral nerves and organs 

9 The time of disappearance and the time of resistance of the reflexes 
after recovery from par^ysis when the spmal cord is agam at room tempera- 
tures may give available indications upon conditions of nervous centres at 
the moment when cold and heat paralysis are produced At high and low 
temperatures, nervous centres are paralysed by concentrations of metabolic 
products, which are meffective in mean temperatimes The mtensity of action 
of these products is dependent on the temperature 
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complete exhaustion is attained Below 15 and above 29 C , nervous centres 
are paralysed at a moment when they dispose of the reserves, that are able 
to permit restoration of functions m a normal manner if they areplaced again 
m room temperature The length of this second penod, durmg which the 
reflexes recover after a previous paralysis, vanes directly with the deviation 
of the temperature of the paralysmg bath from the average This suggests 
that the action of this lack of oxygen or of the products of metabolism is not 
exerted at the same level when the temperatures are different, m the cases of 
temperatures that produce cold or heat paralysis These levels decrease with 
decreasmg temperature m the case of cold paralysis, and mcrease with 
mcreasmg temperature m the case of heat paralysis 

Takmg the metabolism’s level attamed at average temperatures, when 
reflexes disappear by exhaustion, as umty, immediately after cold or heat 
paralysis, the nervous centres have a reserve that is given by the relation 
iilt' iU recovery time, f time of exhaustion of the reflexes at room tempera- 
ture d') At this moment the level attamed by the products of metabohsm is 
In column 6 of Table 2 are reported the values of this difference 
Plotted on rectangular coordmates, these values form nearly an ascendent 
straight hne for low temperatures, and a descendent straight hne for high 
temperatures 

On the ground that mtensity of the tissue metabohsm mcreases when 
temperature mcreases, it could be expected that the period of the resistance 
of the reflexes is greater the lower the temperature As a matter of fact, expen- 
mental curves have not confirmed this assumption, they present one maxi- 
mum, and below a given temperature the curve descends This fall can be 
well explamed otherwise than by an alteration of the law of the vanation 
of metabohsm m function of the temperature Peiralysis by cold mtervenes 
at a moment when the concentration of the metabohc products is lower than 
the level for exhaustion of the centres when these are under action of mean 
temperatures, and this paralysmg concentration is decreasmg when tempera- 
tures decrease 


Conclusions 

1 In preparations of isolated spmal cord and legs from Amencan frogs, 
spontaneous coordinated movements are observed if the temperature is be- 
tween 3 5° and 21'’C 

2 Differences are noted between Amencan and Brazihan frogs m the 
form of reflexes, when the spmal medulla is subjected to different tempera- 
tures 

3 The tune of resistance of spinal reflexes at different temperatures, m 
Amencan frogs, as m frogs previously studied (Brazihan and Europkn 
frogs), form curv'es with a maximum for a mean temperature Below and 
above this temperature the time of resistance decreases 

4 Position and value of this maximum are dependent on habitual tem- 
peratures and conditions m which the frogs are bvmg. 
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Records made through the skull of the anesthetized animal showed characteristic 
rhythmic potential differences of rather low amplitude but wnth a rate of 8-10 per sec 
oscillations such ns are normal in these anunals (Fig 1) 

Next, the bone flap made 4 days previously on the right side was turned back and the 
electrodes placed on the tissue from which cortex had been previously separated At this 
time, before the left basal ganglia were exposed, because this was the first experiment of 
its kind, various experimental procedures were tried which were subsequently proien 



irrelevant The left skull and dura were then removed and leads placed on the right basal 
gangha and right side of thalamus Later they were replaced so as to record simultaneously 
from the basal ganglia of both sides (Fig 1) The records thus obtained were unlike those 
recorded from any other areas and proved later to be characteristic for the caudate and 
putamen 

From these nuclei the EEGs were of low voltage and displayed a background activity 
which varied m amphtude but showed a more or less regular rate of oscfllation at about 
6-8 per second These resembled m rate the medium frequency waves obtamed from cortex 
but never were comphcated by the rapid components found m cortical records 

Superimposed upon the more regular low voltage background activity appeared bursts 
of much higher amphtude (Fig IBl These occurred spontaneously and at irregular inter- 
vals vaiymg from every two or three seconds to several mmutes Their character was 
always the same Regular rapid spikes suddenly appeared firom a record showmg httle 
activity The bursts lasted two to five seconds and mcreased m both amphtude and rate 
during the middle of the burst, whde beginnmg and end were both lower and slower Such 
bursts were suppressed by any manipulation of the surroundmg tissues and, apparently, by 
loud sound or repetitive hght flashes 

In Fig IB one such burst is shown It is recorded strongly firom caudate leads (1), 
less strongly from the putamen (2) In Fig 1C only the putamen of one side is active 

Records from the 3 nnimnlH fi-om which these bursts were obtamed all showed that 
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Since electncal potentials can be recorded from all active bvmg cells, the 
pattern of rhythmic potential differences known as the electroencephalogram 
(EEG) obtamed from the complex surface of the bram is probably an alge- 
braical summation of activity within the underlymg cells To imderstand the 
nature and composition of this pattern it is therefore of mterest to attempt 
analysis of various anatomical components of the bram which might contrib- 
ute to its structure 

Recent studies have already given evidence that the subcortical nuclei 
directly affect the EEG, smce, m the monkey, destruction of portions of the 
hasal gangha causes prompt and permanent changes m the character of the 
EEG (7, 8), although lesions confined to cortical tissue do not alter it even if 
an entue hemisphere is removed 

Furthermore, previous mvestigators had already established the fact that 
mdependent rh 3 d;hms may be obtamed from thalamus (11, 1), cerebellum 
(11), and from the "basal regions” (3, 4, 6) In the present paper are reported 
the results of further mvestigation of the mterrelationship of cortical and 
subcortical structures as indicated by their spontaneous electncal activity 

METTHOD 

Fi\e monkeys {Macaco mulatto) were used In four of these, records were taken first 
in the normal and finally in the completely decorticate state Two were chrome prepara- 
tions and two acute, as it was thought that perhaps the immediate effects of ablation imght 
affect the EEG However, the results in all four instances ^ere alike The fifth animal was 
hcmidccorticate throughout the experiment 

A Grass, three-channel ink-wnting oscillograph was used Bipolar sil\er wire electrodes 
were placed directly on the tissue in most instances At other times records were taken from 
the intact skull Occasionally monopolar leads were used, the indifferent electrodes being 
(hen attached to both ears All animals were lightly anesthetized wnth Dial throughout the 
procedure (0 6 mg per kg body weight, gi\cn one-half mtrapentoneally and one-half in- 
tramuscularly) They remained in an even state of anesthesia until the end of each experi- 
ment The decortications, both acute and chronic, were earned out by the same method and 
surgical technique 

EXPERIMENTAL DATA 

In the first three expenmenta the electncal activnty of totally decorticate preparations 
was investigated 

Expt I {EEG 5) Dec 4, 1942 A large, nearlj mature, male monkey weighing 5 0 kg 
had had the left cerebral hemisphere removed one year prevnously on Nov 11, 1941, for 
another purpose EEG records from the skull over the remaining hemisphere’ had ^n 
normal in the interval Four days before the present expenment the nght cerebral hemi- 
sphere was also removed The animal was then kept in an incubator and tube-fed Its con- 
dition was excellent at the time of the experiment 

• Aided by a grant from the ,losnh Macy. Jr Foundation 
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that it was a greater distance from the excitable tissue to the left side of the skull, since the 
left hemisphere had been removed 

Figure 2B is part of a record taken from leads placed directly on the tissue which re- 
mained on the left As verified at autopsy two leads (Fig 2A, 1) were on the caudate and 
putamen, two (2) were on thalamus, and two (3) remained on the nght cortex. It can readi 
ly be seen that none of the three areas produced a pattern of EEG which was like that of 
any other area but that the records from thalamus and cortex are similar and at tunes 
synchronous in rate and pattern From caudate and putamen potential changes were once 
more obtained which were of low amplitude and fairly regular at a rate of 6 to 8 per sec , 
without any trace of the rapid component found in electrocorticograms and records from 
the thalamus 

In this experiment records were taken from 9am to 1 30 p m from left basal ganglia, 
while the right cortex remained intact, in an unsuccessful effort to obtain the spontaneous 
rhythmic bursts of activity seen in the record of the previous animal The right cortex was 
then removed As soon as the electrodes were replaced on the same spots on the left side, 
spontaneous bursts of activity appeared from caudate and putamen and were present 
throughout the remainmg penod of the experiment They were also obtained from the basal 
ganglia of the nght as shoivn in Fig 2C 

At autopsy there was no remaining cerebral cortical tissue, except a small bit about 4 
mm in xvidth just rostral to the optic chiasm in the midline 

Summary In this animal when the left hemisphere was absent, but the nght mtact, 
independent rhythms were recorded simultaneously from the left basal ganglia, the left 
side of the thalamus and the nght cortex These remained consistently tjrpical for each 
area and differed from each other over a penod of 5 hours Dunng this mterval no spontane- 
ous bursts of spike activity appeared in the left basal gangha but when the nght cortex 
was removed, the record from the left basal gangha, and from caudate and putamen on the 
nght acquured spontaneous bursts of spike-hke hyperactivity such as were seen m the de- 
corticate preparation of Expt 1 Between bursts the character of the activity from the left 
basal ganglia was apparently imaltered by the nght hemispherectomy 

Expt 3 (EEG, 14), Jan 8, 1943 Under Dial anesthesia the cerebral cortex of this nor- 
mal macaque (weight 4 3 kg ) was exposed bilaterally and normal EEG records obtamed 
from both hemispheres Following this, area 6 of the left side was gently excavated and 
electrodes placed on the exposed caudate nucleus Figure 3A shows the type of record ob- 
tained from the left side at this time Record Al, is from caudate, A2, from area 4 of the 
cortex about 6 mm from the excavation, and A3, from the postcentral cortex just across 
the central sulcus from area 4 The excavation of area 6 apparently produced excitation of 
area 4, but not of the postcentral region for the large slow waves seen m A2 were not present 
preceding the removal of area 6, but persisted following this operation until the hemisphere 
was removed It is to be noted that, in these records, although caudate potentials were not 
synchronous with either of the two cortical areas, the caudated record differed markedly 
from that in the decorticate preparation as shown in Fig 3C 

Figure 3B is characteristic of records which followed removal of the left cerebral cortex. 
This record from the left caudate still resembles that of 3A and not that of the same nu- 
cleus in 3C Again, as m A, cortex, caudate and thalamus each presented a different pat- 
tern 


Next, after removal of the right hemisphere changes such as were found m Expts 
1 and 2 appeared Spontaneous bursts of spike potentials became frequent fixim the ba^ 
gangha of both sides Figure 3C shows two such bursts, one from left and one from right 
caudate which are not, however, simultaneous Neither of these bursts was transmitted to 
the thalamus However, occasionally dunng such bursts a famt trace of the same pattern 
appeared m the thalamic records, probably due to spread of impulse 

Dunng the remamder of the experiment vanous lesions of areas surrounding the basal 
gangha were made m an attempt to affect the pattern of the record from the basal gangha 
Practically all of the thalamus was removed piecemeed wnthout affectmg the bursts Next 
the hypothalamus was approached via the midhne Leads placed on hyjKJthalaimc tissue 
in vanous places at no time recorded any marked pattern in which amphtude and lute 
could be measured But excavations here promptly diminished the activity m the EEu 
from basal gangha Since there was then some respiratory difficulty it was felt that 
last results were eqmvocal and conclusions as to the effect of hypothalamus were deferrea 
until the next experiment 
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they migbt appear only in one portion (caudate or putame^of one basal ganglion ^t 
that when nicked, the entne complex fired synchronously The basal ganglia of the two 
sides’ did not necessarily fire synchronously however There was never any evidence of 
bursts of spontaneous activity m thalamus alone, ^though characteristic potent^ 
peered from this area also Leads placed on mtemal capsule or corpus callosum near the 
basal ganglia did not record such hursts 



From the thalamus potentials were recorded which were of lower amphtude The rate 
was faster than that of caudate or putamen, its pattern more irregular There were at times 
both fast and medium-slow components such as appear in EEGs from cortex. 

At autopsy the brain was cut in frontal shces ^ter hardemng in formalin The pomts 
upon which the electrodes had been placed were \enfied A small bit of cortical tissue near 
the left insula was all that remained of cortical gray matter 

Summary Rhythmic potential changes were obtained from both sides of the remaining 
tissue of a monkey which had been decorticate for four days and hemidecorticate for a year 
These EEGs, like those of cerebral cortex, had a rate and amphtude characteristic for the 
area under in\estiRation, but the pattern from basal ganglia differed markedly from that 
of cortex The most stnking charactenstic of the former was spontaneous bursts of spikes 
appeanng at irregular intervals These were never obtained from thalamus or other sub- 
cortical structures 

Expt 2 lit S 9) Dec 1 1, 19S2 This animal, weighing 5 4 kg , had had its left cerebral 
litroisplrcre removed on Nov 23, 1942 On Doc 14, 1942, it was anesthetized under Dial 
and records were taken first from the left and right sides of the skull Fig 2A shows such 
records which are charactenstic for normal sleep or anesthesia except that the record from 
(lit left side IS of lower amplitude than that from the nght This latter merely indicates 
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(iv) The falx was next removed after ligation of the longitudinal sinus and the nght 
caudate sucked out from beneath the cortical tissue The pattern of the EEG was then un 
changed except for a shght diminution of amplitude At this time records from thalamus 
and postcentral cortex were synchronous and similar in pattern 

(v) The left thalamus and then all of the thalamus was sucked out Again, amphtude 
decreased Furthermore, the postcentral pattern became much less regular both m rate 
and shape of the waves At times no true rhythm could be made out, at others there were 
mtervals of many seconds in which irregular waves of varying size would appear 

(vi) Finally, by suction, a large part of the hypothalamus was excavat^ This was 
followed by a marked drop in both amplitude and rate and the pattern became less defimte 
and more irregular in both sites At times a rapid 9-12 per sec wave appeared, at others 
there were only low and faint oscillations 

The hypothalamic extirpations were made piecemeal in four steps The change m 
character of the potentials was gradual and increased following each ablation The differ- 
ence between the final record and that with intact hypothalamus was marked Smce there 
had been some respiratory disturbance assocmted vnth these procedures it was thought that 
a resultant anoxia might have affected the cortex However, these disturbances of respira- 
tion were slight, consisting only of an alteration of rate, or an interruption of Respiration 
for the space of one or two breaths An EEG made one hour after the final operative pro- 
cedure showed no recovery of EEG, although the animal was still in excellent condition 

At autopsy the lesions were as follows the left caudate and almost all the head of the 
nght caudate had been destroyed, about one half of the left putamen was absent, virtu- 
ally all of both hypothalamus and thalamus had been removed 

Summary Removal of the left hemisphere was followed by the appearance of large, 
slow waves in nght precentral cortex but not in the postcentral region They were transient 
Removal of the left caudate reproduced these waves m nght precentral cortex Ablations 
of left putamen and nght caudate had no further effect on EEGs But extirpation of the 
thalamus caused the amphtude to dimmish in both cortical areas and further, caused an 
alteration in the character of the waves, most marked in the postcentral region Here the 
rate became slower and the pattern more irregular Subsequent lesions in the hypothalamus 
greatly altered the character of the EEG Amphtude became low and the entire pattern 
uneven and irregular 

Expt 5 (EEG 13), Feb 12, 1943 In this expenment a normal monkey, weighmg 6 4 
kg , was put under anesthesia and the calvarium removed The left cerebral cortex was then 
ablated and bipolar leads placed on nght pre- and postcentral cortex Records were made 
from these two areas throughout the expenment A third pair of leads was used to record 
the EKG m order to observe what effect, if any, lesions of the hypothalamus had on heart 
rate Respirations were marked on the record and counted at frequent mtervals, for the 
same reason 

From the nght precentral area, followmg removal of the left hemisphere large rounded 
slow waves were obtamed such as appeared after the same procedure m Expt 4 Again, 
these waves were present for only about ten minutes More normal waves then reappeared, 
which were shghtly faster, of lower amphtude and contaimng both the medium 6-8 per 
sec rate and a faster component such as is seen in the normal EEG Dunng this entire 
penod records from the postcentral gyrus had remamed unchanged 

The antenor infenor portion of the hypothalamus was then removed by sucker frotn 
just above the chiasm There followed a rather gradual change, takmg place over at least 
16 nunutes after termination of the procedure, dunng which mterval there was a gradual 
dimmution in amphtude of the waves At the same time the rate slowed emd the pattern 
began to look much less regular 

The second procedure was to remove caudate and putamen from the left side There 
was no appreciable change m the records which, because of the previous hypothalamic ex- 
tirpation were defimtely irregular and far from normal 

The next procedure was to remove the rest of the hypothalamus from above by enter- 
mg the foramen of Munro with the sucker and removing all gray matter along the sides of 
the third ventncle Respiration and heart rate were unaffected by this The blood m the 
cerebral artenoles remamed of good color and the pulsation of these vessels mdicated a 5°^ 
blood pressure There followed an mtensification of the changes recorded above Agam these 
appeared immediately after operation and progressively mcreased over a penod of about 
half an hour The amphtude dunng this penod diminished greatly and the pattern became 
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Autopsy fiaduigs verified the extent and site of both the lesions and electrodes 
Summary As in the preceding expemnent, hemidecortication, permitted the taking 
of records from basal ganglia and thalamus Simultaneous independent rhythms from cor- 
tex caudate and thalamus were obtained under these circumstances, but these became 
altwed when all cortical tissue was removed The spontaneous bursts of high amphtude 
spikes were then characteristic of the basal ganglia Removal of most of the thalamic tissue 
did not affect these bursts, but ablation of the hypothalamus at once dimmished the poten- 
tials in all areas until no true rhythmic potentials could be obtained During the hypo- 
thalamus ablation (which follow^ all other procedures), however, the condition of the 
animal was not satisfactory j , , 

Since the above three experiments had all shown that the basal ganglia and thalamic 



nuclei possessed EEGs which existed after total decortication, but that these patterns were 
aUored by the presence of cortical tissue, the next two experiments were planned for further 
nnaljsis of the cortico-subcortical interrelations 

Expt 4 {EEG 15), Jan 20,1943 A normal monkey, weighing 2 7 kg , was anesthetized 
and both cerebral hemispheres exposed Two pairs of bipolar electrodes were then placed on 
the nght cortex one on pre- and the other on postcentral area and records were obtamed 
from this normal cortex These leads were then kept in place throughout the remainder of 
the experiment The followong procedures were earned out 

(I) Tlie left hemisphere was extupnted There followed a transient disturbance of 
pattern in the precentral nght cortex It was charactenred by large, slow, rounded waves 
w Inch are indicntiv e of mjuiy There was no such change in the postcentral area 

(II) Hemoial of the left caudate nucleus by suction reproduced these slow waves in 
the precentral area and they remained there for the duration of the expenment. thus mak- 
ing the chnmcter of pre- and postcentral potentials quite different throughout the rest of 
tile procedure 

till) Removal of the left putamen by suction caused no further change 
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activity from basal gangba in the hterature, there are suggestions of such a 
phenomenon m two papers Jung and KommuUer (5), descnbmg a method 
of reccrdmg isolated subcortical potentials, show, m their illustrations, cer- 
tam irregulanties in the records obtamed from the basal ganglia which look 
hke these bursts of excitation Gerard, Marshall and Saul (3) usmg an 
amphfier from an oscillograph and workmg on auditoiy strmuh describe 
"mtense high frequency howls” given by basal regions which ’’waxed and 
waned m mtensity over a period of a few seconds to three minutes probably 
as individual units become more or less synchromzed ” 

Individual rhythms were obtained from the thalamus which were ahke, 
whether from midhne structures or the lateral parts, from the surface or 
from the depths of the massa mtermedia They differed m rate, amphtude 
and pattern from simultaneous rhythms recorded from basal gangba and 
cortex These thalamic EEGs were of rather low amphtude, altough not as 
low as those from basal gangba They contamed both medium, 8-10 per 
sec rhythm and faster components They resembled more closely the cortical 
patterns than those of basal gangba and, at times but not always, they 
were synchronous in pattern with the EEG from the postcentral cortex This 
is m agreement with the findings of Dempsey and Monson (2,9) as is also the 
observation that mjury to thalamus affects cortical areas The present find- 
mgs fit perfectly into the concept of Dempsey and Monson of the electncal 
activity of a thalamocortical relay system with a reverberatmg cucmt within 
which many umts are coordmated at several levels This has been analyzed 
much further by these authors with respect to type of activity and localiza- 
tion withm the thalamic nuclei 

Both Gnnker and Serota (4) and Obrador (10) have reported that the de- 
struction of the hypothalamus m cats abolished the EEG The acute prepara- 
tions of Obrador showed no return of this function Gnnker and Serota report 
also m acute preparations, that the rhyrthmic potentials returned after some 
minutes A similar dimmution m amphtude appeared temporarily m the 
present preparations foUowmg partial destruction of the hypothalamus 
Several small lesions made followmg each other served to summate so that 
after the last, there was a much greater deficit than that which followed 
precedmg extirpations 'The same thing was true with regard to the thalamus, 
successive partial destruction of thalamic areas was followed at each proce- 
dure by dimmution of amphtude of EEG and by a loss of defimtion withm 
its pattern Only when both thalamus and hypothalamus were practically 
totally destroyed did the EEG disappear and not reappear even after an 
hour durmg which the general condition of the animal remamed excellent 

There is one findmg for which there is as yet no explanation, i e , followmg 
lesions of both thalamus and hypothalamus there was, for a period of from 
15 mm to one-half hour after termmation of aU operative procedures, a 
progressive diminution of the amphtude and pattern of the EEG from the 
cortex It IS to be inferred that m some way the reverberatmg cucmt through 
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80 irregular that ita structure could hardly be detenmned There were occasional bursts of 
rapid pulsations which, unlike those seen from basal ganglia, were of low amplitude and 
all of one height and rate The postcentral region was affected before the precentral by this 

manipulation , , i ah 

About an hour after this last procedure a large hole was made m the left thalamus All 
activity again decreased greatly Waves became slow, 2-3 per sec , irregular and without 
pattern There was no fast component present Removal of the right thalamus next caused 
a further decrease m activity so that practically nothing re main ed except a background 
wavenng of the record which was without true fonm 

During all this period the condition of the animal was excellent There was no indica- 
tion from either respiration or pulse that any change m blood supply was present which 
could have affected the EEG 


Discussion 

These findings are not wholly new, furthermore, they are what would be 
expected in the hght of present knowledge of the EEG Nevertheless, from 
the above five experiments various matters seem to have become clarified 
First, if the normal EEG, as above stated, is the sum of the voltage dif- 
ferences from the entire complex of the central nervous system, then the find- 
mgs related to purely cortical ablations can be easily explamed The major 
portion of the entire cellular gray matter bes m the cortex m all pnmate 
forms m which cerebral convolutions are more or less complex This cortical 
meshwork is directly or mdirectly imder the influence of all the subcortical 
nuclei and may therefore be almost homogeneous m respect to its voltage dif- 
ferences If, then, even relatively large cortical cellular masses are removed 
it IS not surpnsmg that, although lo^ exciaons change local responses as m 
Expts 4 and 5, the general pattern is unchanged, because the normal af- 
ferent and efferent relations with subcortical structures are mamtamed In 
contrast, smce the relatively small cellular bulk of the subcortical nuclei 
affects relatively large cortical areas, disturbances of the subcortical com- 
plexes must alter the total EEG 

In the above experiments it is adequately shown that the normal po- 
tentials obtamed from either cortex, bas^ ganglia or thalamus are the re^t 
of voltage differences m all three sites, smce the removal of one may alter the 
complexes elsewhere Certam areas affect only certam others, however, and 
have httle or no detectable mfluence on potentials elsewhere This is shown 
most spectacularly m the basal gangha-cortical relations Lesions of caudate 
and putamen altered the EEG from the precentral region but not from the 
postcentral In the absence of part, or all of one hemisphere, the EEG ob- 
tamed from caudate or putamen is characteristic for that nuclear complex, 
but IS entirely changed by subsequent total decortication 

The change foUowmg decortication cannot be due to temporary effect 
such as tissue mjury or anoxia for, in Expt 1, the left caudate and putamen 
both gave characteristic background voltages and spontaneous bursts of 
activity one year after the removal of them overlymg hemisphere It is of 
passing mterest that there is evidence of such function because the basal 
ganglia have been thought to degenerate in the absence of motor cortex 

Although there is no substantial evidence of the spontaneous bursts of 
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cortical and subcortical areas takes this measurable period of tune to adjust 
In contrast, lesions of either cortex or basal gangha seemed to produce maxi- 
mal effect immediately at termmation of the operation 

There is evidence, from chrome preparations, that similar interdepend- 
ence between nuclear complexes exists The effect of lesions of hasal gangha 
on EEG of chrome monkeys has already been demonstrated, results of ex- 
periments concermng thalamus and hypothalamus will be published shortly 

Summary 

1 Electrical potentials have been recorded from cortex and subcortical 
nuclei m decorticate and hemidecorticate monkeys 

2 Simultaneous EEGs made from these areas may be mdependent of 
one another and the patterns from cortex, basal gangha, tha lam us and 
hypothalamus are characteristic for each specific area 

3 Each cellular complex, however, influences the other complexes In 
particular lesions of the sub-cortical nuclear complexes affect cortical po- 
tentials 

4 The EEG obtamed from basal gangha of a hemidecorticate prepara- 
tion shows low-voltage eight-per-second background potentials Only when 
all of the cerebral cortex is removed do spontaneous bursts of high-voltage 
activity appear 

5 The pattern obtamed from thalamus has a medium-rate component, as 
m the cortex At tunes records of thalamus and postcentral cortex are 
synchronous Lesions of thalamus alter the pattern of cortical EEGs m 
general but most markedly m the postcentral areas 

6 There is httle activity withm the normal hypothalamus but its abla- 
tion profoundly alters cortical EEGs. 

8 Partial ablation of thalamus or hjipothalamus temporarily alters 
cortical EEGs, but only when both thalamus and hypothalamus are com- 
pletely extirpated are these cortical potentials abolished 
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instrument Photographic negatives were then made of a suitable section and of the mount 
of the records, the sketch of the section on the latter having been erased Suitable magnifica 
tion of tbe section and reduction of the mount were made such that they could be super- 
imposed to give a final print with a magnification of the section at 10 X and a reduction 
of the record mount to one-third When using matenal stained with the Weil method, a 
negative of the section was masked with a positive of the mount The final print thus con 
tamed a positive of the section and a negative of the electrical activity (c/ Fig 4, 6, and 
8) With Nissl matenal superposition of two positive pnnts was made by the method of 
double exposure (Fig 6 and 7) 

Accurate register was obtained in both instances by reference to horizontal and vertical 
lines scratched on the onginal slide at some distance from the field of interest and included 
in the tracing used for the record mount 


Results 

Thalamus In spite of the great difference in conditions encountered deep 
within the thalamus from those m the cortex, records from the two organs 
showed stnkmgly similar features The intermittent "burst” activity, re- 
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Fig 1 Synchrony of burst activity in thalamus and various parts of cortex Record 
begins just before the end of a burst Upper tracing from point m thalamus similar to that 
for tracing 6 (from top down) in track 1 (most medial) Fig 6 (but not the same experiment) 
Second tracing antenor sigmoid gyrus, third tracing arm sensory area, lowest tracing 
nuddle suprasylvian gyrus The record was taken at a paper speed of 16 mm per sec and 
reduced to J 

ferred to above as charactenstic of the cortex of cats under nembutal, oc- 
curred m similar form m specific parts of the thalamus In many cases the 
frequency of occurrence of the bursts and that of the waves within them, 
though of similar general character, were not identical with those emanating 
from any particular cortical position In others stnkmg similarity with one 
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Stimulation of thalamic regions associated with the mtemal medullary 
lamma has given rise to alterations m the electrocorticogram which appear 
to be related to the spontaneous intermittent bursts of 5-10 cycle activity 
characteristic of the nembutalized cat (11) On the other hand, stimulations 
more laterally m N ventralis lateralis pars externa (6) or ventrahs posterior 
of Magoun and McKinley (8) and the gemculate bodies produce changes 
which can be shown to bear relation to other more contmuous forms of 
cortical activity (1) m localized cortical regions receiving their projections 

The present study was undertaken m order to find out whether these two 
different thalamic regions exhibited characteristic differences m their spon- 
taneous activity 

Though specifically directed to the precedmg question, the experiments 
also yielded data regardmg the activi^ of other structures which, though 
limited m scope, appear to be worth reporting in view of the mcomplete 
nature of existmg information 

The most complete surveys of the spontaneous electncal activity of the 
basal prosencephalon are those of Gerard, Marshall and Saul (3) and Morea 
(10), but the general utihty of the former is somewhat limited by the fact 
that the records were made largely m the form of verbal descriptions of the 
sounds emanatmg from a loudspeaker In the present study, the admittedly 
greater differentiation allowed by their procedure has been sacrificed for the 
greater permanence and transmittabihty of the graphic method 

METHODS 

Cals anesthetized with nembutal were used, an effort being made to adjust the 
nncsthesin to a point at which well defined intermittent bursts of 5-10 cycles were recorded 
from the cortex The explonng electrodes consisted of two enameled stainless steel wires 
separated at their bared tips by a distance of 0 3 to 6 0 mm These were onented in the 
brain by means of the stereotactic instrument previously descnbed (12) In most of the 
exponments other bipolar silver electrodes were placed on representative cortical areas in 
order to obtain data for correlation wnth activity in deeper structures In other experiments 
\ anous cortical ablations w ere made The recording instrument consisted of a multichannel 
Grass ink writer 

At the termination of each experiment the brain was removed and fixed in formahn 
for sectioning and staining by the method of Marshall (9) Direct positive enlargements 
were made from the sections and the points of recording identified on the prints 

In order to obtain a graphic representation of the distribution which would appeal 
more immediately to the cy c, the followung method was employed 

Rppnxjontntivo cross sections were projected at 30 times magnification and sketches 
of important landmarks and the needle tracks were made Typical excerpts of the records 
were then mounted upon the sketch with reference to the coordinates of the stereotactic 
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Fig 4 

Fig 4—8 Distmbution of spontaneous electrical activity of thalamus and other basal 
areas m a smgle representative experiment For techmque of constructmg figures consult 
methods The electrical records were taken at 16 mm per sec and reduced to i The bram 
sections were enlarged 10 X 

Typical bursts were selected from areas showing intenmttent activity All other rec- 
ords are representative of the contmuous activity present The vertical markers to the left 
of some tracings m track 1, Fig 6, mdicate 60 /iV All records m Figure 4 and the first three 
m Fig 6 were taken with amplification as m tracmg 3, all subsequent to tracing 6 as m 
tracmg 6 

There was a shght displacement of the needle tracks from the plane of section m some 
instances This was so shght as to be neghgible except for a few pomts deep in the amygdala 
and pjrnform lobe m which the records may have been taken fix»m pomts as much as 4-600ii 
rostral to the pomts represented 
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or more of the sxirface positions was obtained (Fig 1) In only a few instances, 
however, was a one to one correlation of individual waves possible, the most 
stnkmg case occurring in a preparation rather deeply anesthetized and 
showing practically no interburst activity (Fig 2) 

Intermittent bursts of this sort were recorded from a rather wide area m 
the thalamus, especially m medial and mtralaminar regions Figures 4~8 il- 
lustrate the distnbution m a typical experiment In most of the experiments 
some bursts were recorded laterally and dorsally m the thalamus (c/ Fig 5, 
trace 1 and 2, track 3, and Fig 6, trace 1, track 2 and 3, also the dorsal 



Fig 3 Spontaneous activity of point similar to 6th tracing, track 5, Fig 6 At two 
different paper speeds A, 15 mm per sec , B, 60 mm per sec 


area m Fig 7 which was not explored m the case illustrated and may be at- 
tributed to lateralis postenor or pulvmar) In most of these, however, the 
highest voltage and greatest frequency of occurrence were found more 
medially Coordmation with the cortical actimty was also greater m the 
medial areas Burst activity has never been encoimtered in pars externa or 
the medial and lateral gemculate bodies Fortunately one does not have to 
rely wholly upon histological checks for the determination of the recordmg 
pomt m these relay nuclei, smce they are the seat of distmctive potentials 
evoked by stimulation of the appropriate sensory receptor (8) As Dempsey 
and Monson (1, Fig 5) have shown, burst potentials did not occur m areas 
where sensory responses to radial or sciatic nerve stimulation were recorded 
In the present senes of experiments this point was repeatedly checked and 
extended to include areas responsive to stimulation by hght or sound 

Occasionally bursts appeared in the vicimty of ventrahs mediahs (cf Fig 
6, trace 4, track 2) which might be attributed therefore to a relay nucleus 
since this area has been shown (8) to receive the tngemmal lemniscus 
Since this would be the only relay nucleus exhibitmg such activity m these 
experimental conditions, it seems more desirable to attnbute the activity 
to the immediately adjacent centralis lateralis or center median 

In some experiments, ventrahs lateralis appeared to be the site of some 
bursts, m others they were absent though present in the more medial areas 
The interpretation of this findmg js obscure 

In preparations which exhibited bttle or no burst activitj^ m the cortex, 
correspondingly poor results were obtained from the thalamus Particularly 
instructive uere cases m which the activity disappeared from the cortex, 
having once been present or, conversely, developed after havmg been absent. 
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ELECTRICAL ACTIVITY OF THALAMUS 

the changes in the thalamus paralleled those in the cortex On the other hand, 
excellent bursts have been recorded m the thalamus of preparations with 
large homolateral cortical defects In one instance m which all the neopal- 
hum of one side was removed, a complete map of the burst activity m the 
thalamus was made which comcided closely with that m mtact animals 
In another case, besides unilateral removal of the cortex, an mcision was 
made separatmg the two hemispheres as far back as the m ammil l a ry bodies 
Celloidm sections revealed that a few fibers of the supramammiUary decus- 
sation and about one-half of the posterior commissure were spared Good 
bursts were also recorded from this preparation for a period of about one-half 
hour 

On the basis of such experiments it is difficult to say whether the spon- 
taneous bursts are a property solely of the th alam us or depend upon the 
presence of the cortex Either the early presence of activity after the exten- 
sive operative procedure or its subsequent dechne might be due to un- 
specific traumatic factors Further work m chrome preparations may serve 
to resolve such questions 

Activity m the relay nuclei (pars externa and gemculates) m these experi- 
ments was usually confined to contmuous rapid fine spikes of somewhat 
higher voltage than m surroundmg areas (c/ tracmg 4 and 5 m track 3, Fig 
6, etc ) Occasionally, when the anesthesia was hght, there emerged more 
organized patterns very similar to those recorded m sensory cortex under 
proper conditions (c/ Fig 11 m the paper by Dempsey and Monson, 1) 
Decortication sharply reduced activity m these nuclei (2) m contradistmc- 
tion to its apparent lack of effect on the bursts recorded elsewhere 

Hippocampus fomix system High voltage spikes of fairly rapid frequency 
were usually encountered when the electrodes penetrated the hippocampus 
or fomix dorsal to the thalamus and tended to disappear over a period of 
several minutes No specific attention was directed to them as this system has 
been studied intensively by others (13) It may, however, be worth recordmg 
that m one decorticate preparation two spontaneous "tome dome” episodes 
entuely similar to that illustrated by Rosenblueth and Cannon (14) as the 
result of faradic stimulation were observed 

Hypothalamus Records taken from the posterior hypothalamus and tuber 
region consisted almost solely of fine irregular rapid potentials without 
notable pecuhanties The supraoptic region, however, sometimes yielded 
more definite waves of 10-12 per sec frequency These typ^ of activity were 
similar to those pictured in Fig 2 of the paper by Hoagland and others (5) 
As the latter workers pomt out, the nuclear complexity of the supraoptic region 
and its environs necessitates caution m assignmg a defimte source to the po- 
tentials encountered Under the present experimental conditions, moreover, 
nothing was found to suggest an mtimate relation between cortical activity 
and that of the hypothalamus or of any part of the supraoptic region (4) 
Other areas Spikes of slow and often irregular rhythms upon nondescript 
more rapid low voltage background were occasionally recorded from lateral 
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subthalamic areas and in the neighborhood of the globus paUidus, peduncle 
or possibly the substantia mgra 

Most dramatic results were obtained when the electrodes left the dien- 
cephalon and penetrated telencephabc structures beneath or laterally Ow- 
mg to the semidetached nature of this part of the bram, which mcludes the 
pyriform lobe, amygdala and hippocampus, identification of the eiact re- 
cordmg pomt is difficult, especially m regard to the dorsoventral coordinates 
Higher voltage rapid activity (Fig 3) was always foimd widely scattered 
throughout this region both postenorly where the hippocampus might be re- 
sponsible and also more rostraUy (Pig 4 and 5) where the amygdala or pyn- 
form lobes were more hkely sources The intensity of this activity declined 
slowly as the electrodes remamed in one position, but was stdl marked after 
penods as long as 20 minutes It thus became a matter of opmion whether 
the dechne was a matter of recovery from injury or, conversely, was due to 
accumulations of shuntmg flmd about the electrode tips 

Similar but usually less stnkmg effects were found when the electrodes 
were in the ventral parts of the putamen or globus palhdus (Fig 4 and 5) 
This may, however, merely represent spread from amygdala 

No statement as to the activity of the caudate nucleus is to be made on 
the basis of these experiments as the proximity of the ventncle makes depth 
determmation of the electrodes very difficult with the technique employed, 
i e , the large size of the ventrical at this pomt may be considerably vaned 
by shifts m spmal flmd, or other temporary distortions may be brought about 
by the penetratmg electrodes without the change bemg registered on the final 
section 

Discussion 

Principal mterest m this study attaches to the distnbution of the spon- 
taneous burst activity m the thalamus This was found to be most mtense m 
regions dorsal and especially medial to the relay nuclei, an arrangement 
which IS consistent with other data (1) which suggest that the latter struc- 
tures are not primarily related to the mtermittent bursts recorded m the 
cortex The distribution comcides rather closely, however, with pomts stimu- 
lation of which was followed by an mcrease m the bursts throughout the 
neocortex (11) 

The active pomts were dispersed beyond the limits of any smgle thalamic 
nucleus but most mtense activity was usually foimd m the mtralammar 
group Activity encountered m dorsolateral regions contaimng nuclei re- 
lated to "association areas,” is m general consistent with the previous findmg 
that association areas exhibit burst activity most mtensely (11) Whether 
or not this activity ongmates purely m the mtralammar nuclei, such as the 
centre median or centrahs lateralis, and mvolves more lateral and dorsal re- 
gions secondarily is difficult to determme Such pnmacy of the mtralammar 
group IS suggested by the usually greater ease of ehcitmg the "recniitmg 
response” by stimulatmg these areas, and by the fact that the recorded 
activity was usually greatest here 
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the changes in the thalamus paralleled those in the cortex On the other hand, 
excellent bursts have been recorded in the thalamus of preparations with 
large homolateral cortical defects In one instance m which aU the neopal- 
1 mm of one side was removed, a complete map of the burst activily m the 
thalamus was made which comcided closely with that m mtact a n imals 
In another case, besides unilateral removal of the cortex, an mcision was 
made separatmg the two hemispheres as far back as the mam mi llary bodies 
Celloidm sections revealed that a few fibers of the supramammillary decus- 
sation and about one-half of the postenor commissure were spared Good 
bursts were also recorded from this preparation for a period of about one-half 
hour 

On the basis of such experiments it is difficult to say whether the spon- 
taneous bursts are a property solely of the thala m us or depend upon the 
presence of the cortex Either the early presence of activily after the exten- 
sive operative procedure or its subsequent dechne might be due to im- 
specific traumatic factors Further work m chrome preparations may serve 
to resolve such questions 

Activity m the relay nuclei (pars externa and gemculates) m these expen- 
ments was usually confined to contmuous rapid fine spikes of somewhat 
higher voltage than m surroundmg areas (c/ tracmg 4 and 5 m track 3, Fig 
6, etc ) Occasionedly, when the anesthesia was hght, there emerged more 
orgamzed patterns very similar to those recorded m sensory cortex under 
proper conditions {cf Fig 11 m the paper by Dempsey and Monson, 1) 
Decortication sharply reduced activity m these nuclei (2) m contradistmc- 
tion to its apparent lack of effect on the bursts recorded elsewhere 

Hippocampus fomix system High voltage spikes of fairly rapid frequency 
were usually encountered when the electrodes penetrated the hippocampus 
or fomix dorsal to the thalamus and tended to disappear over a period of 
several mmutes No specific attention was directed to them as this system has 
been studied mtensively by others (13) It may, however, be worth recording 
that m one decorticate preparation two spontaneous ”tomc dome” episodes 
entirely similar to that illustrated by Rosenblueth and Cannon (14) as the 
result of faradic stimulation were observed 

Hypothalamus Records taken from the postenor hypothalamus and tuber 
region consisted almost solely of fine irregular rapid potentials without 
notable pecuhanties The supraoptic region, however, sometimes yielded 
more defimte waves of 10-12 per sec frequency These typ^ of activity were 
similar to those pictured m Fig 2 of the paper by Hoagland and others (5) 
As the latter workers pomt out, the nuclear complexity of the supraoptic region 
and Its environs necessitates caution in assigmng a defimte source to the po- 
tentials encountered Under the present experimental conditions, moreover, 
nothing was found to suggest an mtunate relation between cortical activity 
and that of tlie hypothalamus or of any part of the supraoptic region (4) 
Other areas Spikes of slow and often irregular rhythms upon nondescript 
more rapid low voltage background were occasionally recorded from lateral 
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giving nse to "non-specific cortical afiferents” have a tendency to produce 
spontaneous rhythmic bursts, but that they may be under the additional 
control of a master area associated especially with the mtemal medullary 
lamma 

2 Characteristic spontaneous activity in other subcortical regions was 
recorded and is bnefly noted 
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As IS well known, the bursts, though tenchng to occur simultaneously m 
all cortical areas, by no means always do so Similarly the present results allow 
the deduction that the thalamic bursts are not simultaneous m different parts 
of the thalamus For example, m the same experiment a given thalamic area 
might be simultaneous with say the cortical sensory area A change of a few 
millimeters m electrode position might result m bursts beanng no relation to 
the sensory area but, for mstance, to the middle suprasylvian gyrus Fre- 
quently no relation to any of the cortical areas concurrently recorded could 
be made out The findmg of different rhythmic patterns m different parts of 
the thalamus, especially differences m frequency of mcidence of the bursts, 
though difficult to render m quantitative terms, also supports the idea that 
speafic parts of the thalamus are at least serm-mdependent m the produc- 
tion of burst activity 

The findmg of excellent burst activity m the thalamus deprived of all 
homolateral neocortical connections and a high proportion of mterhemi- 
sphenc commissural systems is of particular mterest As was pomted out 
above, these experiments are not conclusive, but they suggest very strongly 
that such activity does not depend upon the presence of a reverberating 
corticothalaimc circuit Activity m relay nuclei, on the other hand, is usually 
severely depressed, though not abolished, by mterference with cortical con- 
nections Though further work is necessary to establish the h 3 qiothesis, it 
may be permissible to speculate upon the arrangements imderlymg the 
spontaneous bursts One area m the neighborhood of the centre median may 
be thought of as havmg the greatest tendency to produce mtermittent burrt 
activity It also is presumed to have rich connections with other more widely 
diffused thalamic cell groups associated with but not identical to the nuclei 
giving nse to "specific” cortical afferents The latter nuclei have been de- 
scnbed by Lorente de N6 (7) as givmg rise to "non-specific afferents” of a 
diffuse sort which fit well the requirements of the system imder discussion 
These nuclei may be postulated to have a tendency toward spontaneous ac- 
tivity of their own and so account for the lack of S 3 Tichrony often encoun- 
tered in divers cortical and thalamic areas On the other hand, they may 
under other conditions be relatively easily controlled by the "master” oscil- 
lator in or near the center median The latter supposition accounts for the 
cases of spontaneous synchrony frequently encoimtered and especially for 
the fact that stimulation of this area is most effective m ebcitmg the "re- 
cruiting response” (11) simultaneously throughout the cortex. 

Summary 

1 The spontaneous activity of subcortical forebram areas was recorded 
by means of bipolar electrodes onented with a stereotactic instrument 
Spontaneous bursts of 5-10 per second waves sunilar to those seen m the 
cortex were recorded in various thalamic areas (Fig 4-8), chiefly m those 
associated with the internal medullary lamina but never in the "relay 
nuclei These and other data suggest that several thalamic areas presumably 
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HEAD INJURY 

GUN SHOT a PENETRATING 
WOUNDS 

PENETRATION COMPLETE 8 INCOMPLETE WITH VARYING VELOCITY 

PHYSIOLOGICAL 
EFFECT 


PROFOUND 
(ANIMAL WILL DIE) 


MODERATE 

(ANIMAL MAY 
LIVE OR DIE) 


MINIMAL 
(ANIMAL WILL 
LIVE) 


MECHANICAL DRILL NON EE BB EE SHORT 

PENETRATING REVOLVER RIFLE 

AND reO FT SEC (RIFLE) STOFT SEC 

TANGENTIAL 
WOUNDS 

F^g 1 Sho'mng the distnbuUon of phyBiological effect in relation to the sustained 
injury The bullet of the 22 BB revolver iveighed 20 grams and that of the 22 short nfle, 40 
grams 
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Fig 2 Morphme analgesia Typical curve following a 22 short nfle mjury The 
entered the antenor fossa of the skull m firont of the sella Profound effect was produced 
There were petechial hemorrhages in the pons 




ACUTE PHYSIOLOGICAL EFFECTS OF GUNSHOT AND 
OTHER PENETRATING WOUNDS OF THE BRAIN 

J E WEBSTER and E S GURDJIAN 
Department of Surgery, Wayne University, College of Medicine, 

Detroit, Michigan 

In the study of experimental cerebral mjunes m the dog, the acute physio- 
logical effects of gunshot and other penetrating wounds appeared to be of 
particular mterest These observations are, therefore, reported in detail 

Technique 

Mongrel dogs weighing between 7 and 15 kg were used for this siDdy The expen- 
ments were performed under morphine analgesia m quantities of 20 mg per kg The blood 
pressure was recorded from the femoral artery, respirations, by means of a balloon about 
the thorax The spinal fluid pressure was recorded from a needle inserted in the cistema 
magna and attached to a 1 mm bore water-manometer Six-tenths cc of cerebrospinal 
fluid was required to fill the system to startmg pressure Difficulties were encountered in 
recording the intracranial pressure at the instant of a bullet’s penetration Various systems 
were employed Only a qualitative change in pressure could be recorded Bullets of varying 
velocity and size produced the injunes These were the pellet, the bullet of the 22 BB re- 
volver which weighed 20 grains and had a speed of 780 ft per sec and the bullet of thj 
22 short nfle which neighed 40 grains and had a speed of 970 ft per sec In a total of 24 
ammals, 3 were injured with pellets from an air revolver, 16 with a 22 BB revolver and 5 
with a 22 short nfle A mechanical dnU was used to obtam a penetrating injury of minimal 
velocity and this was done in two instances As a rule, the animals were injured with the 
soft tissues intact and the cranial cavity closed In a number of instances, the wounds were 
made after disturbance of the closed cavity hydrodynamics by opening the cistern to ex- 
pose the medulla, suboecipital cramectomy to expose the cerebellum and bram stem and 
unilateral or bilateral supratentorial craniectomy to expose one or both hemispheres In- 
filtration of 1 per cent procaine hydrochloride was used in these procedures for local anes- 
thesia 

Results 

1 Effects upon blood pressure, respirations, reflexes, conscious state and 
mortality The results of mjunes produced by the pellet shot, the 22 BB 
(revolver), the 22 short (nfle) and penetration of the bram by a mechanical 
drill could be classified mto profound, moderate and minimal physiologic ef- 
fects as shown m Fig 1 

Profound A profound result was produced by 22 rifle mjury m every m- 
stance Among 7 of 14 experiments with 22 revolver mjury, profound effects 
were also produced No such effects were noted with the pellet shot The pro- 
found effect was uniformly charactenzed by respiratory paralysis, abohtion 
of hd and corneal reflexes, a marked hypertension and death of the animal 
(Fig 2) Coma* was immediate Extensor spasms were absent m most m- 
stances The hypertension did not occur m those experiments m which the 
medulla was directly injured (Fig 3) It also failed to appear after adequate 

* Comn A suite of absolute unconsciousness as judged b\ the absence of anv rxrv- 
chologicnlly understnndable respom=e to external stimuli or inner need (Bntish 
Council, Held Injurj Committee. 1941) 
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decompression before injury by shootmg (Fig 4) In the latter group, the 
respiratory function was spared m the acute phase of the experiment 

The pathological damage, under these circumstances, was of severe 
grade A common finding was the presence of petechial hemorrhages These 
were of varying size and number, occurrmg adjacent to the site of penetra- 
tion, the pons and frequently m the medulla and upper cervical spmal cord 
Moderate A moderate effect resulted from mjunes produced by the 22 
BB revolver m 7 mstances out of 14 The animals m this group either died or 
survived the acute experiment Temporary arrest of respirations occurred for 
periods which varied from five to thirty seconds Lost palpebral reflexes 



Fig 6 Morphine analgesia Injured with a 22 revolver, bullet lodged in the brain. 
Cessation of respirations for 35 seconds but reflexes were present throughout The dog was 
unconscious The hd reflexes may not serve as a cntenon for accurately determining con- 
sciousness The spinal fluid was bloody with a pressure of 116 mms Type of injury, moder- 
ate 


returned at periods of from 3 to 145 seconds A nse m blood pressure with 
tachycardia was consistently observed (Fig 5) In some experiments there 
was a dissociation of consaous state and the palpebral reflexes, that is, some 
imconscious animals had preserved reflexes 

The gross pathologic damage was less severe than m the precedmg group 
The bullet usually lodged m the cerebral substance Distant lesions were less 
frequent 

Minimal A minimal effect followed trauma by the pellet shot m 3 m- 
stances, by the 22 revolver m 2 instances out of a total of 14, and by the use 
of the hand drill With gunshot mjunes producmg a minimal effect, there 
was fracture of bone without penetration or the bullet stopped at the skull 
without mjury to bone By the use of a mechamcal dnll, both bone and brain 
were penetrated Members of this group all survived the experiments Res- 
puataons and reflexes were preserved In some animals the respirations were 
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Fig 3 Morphine analgesia 22 short nfle injury, the bullet entering the medulla A 
profound effect was produced without elevation of the blood pressure 



1 ic 4 Morphine nnnlgcsin 22 short nfle injuiy following bilateral decompression 
exposing both cerebral hemispheres No rise in blood pressure Reflexes lost for 2 minutes 
and 30 seconds Respirations lost for 40 seconds The animal remained unconscious through- 
out With the cranial caiitj closed, this type of injurj would be fatal with a pattern as 
illustrated in Figure 2 
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This animal survived an mjury which would be fatal under the condition of 
a closed cranial cavity In this instance, the increase in mtracranial pressure 
was prevented by the decompression 

Discussion 

In the above descnbed experiments, a mechamcal dnll rvm by hand was 
used to penetrate the bram and three types of bullets were used for the gun- 



Fig 7 Morphine analgesia Injured with 22 revolver The intracraniid pressure re- 
corded a sharp quahtative change at the instant of injury (see arrow) Respirations ceased 
and reflexes were lost temporarily With return of respirations, there was a corresponding 
nse of the blood pressure suggesting that in this instance, the vasomotor mechanism was 
fading before the respiratory function 

shot mjunes — the pellet (revolver), the 22 BB (revolver 780 ft per sec ) and 
the 22 short (nfle 970 ft per sec ) It is evident from figure one that the 
greater the velocity the greater was the seventy of the pathological and 
physiological effects Whereas with the 22 short nfle (970 ft per sec ) only 
profound effects were produced, with a pellet mjuiy, no profound effects 
were obtained It should be stated that the weight of a bullet is also sig- 
nificant The 22 BB shot weighs only 20 grains whereas the bullets used for 
the 22 short nfle were 40 grains Therefore, the results from a gunshot mjury 
must be ascribed not only to the velocity but also to the mass of the bullet A 
relatively great velocity of an extremely small mass may produce minimal 
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stimulated, m others, slowed Consciousness was maintained The blood 
pressure usually remamed unchanged (Fig 6) Pathological exammation of 
the specmiens from this group mdicated mainly local damage with or without 
hemorrhage from the site of mjuiy 

2 Effect upon the intracranial pressure A sudden, mtense, mcreased m- 
tracranial tension of brief duration was observed to accompany the gunshot 
mjunes of the bram Evidence of an mtense pressure was visualized by ex- 
posure of the cistema magna Under this condition, at the moment of mjury, 
the cerebellum was expelled mto the openmg made A suboccipital cramec- 
tomy followed by a supratentonal, gunshot mjury was observed to result m 



Fig 6 Morphine analgesia Penetration of frontal lobes with a hand dnlL Reflexes 
present Respirations were stimulated Blood pressure remained about the same through- 
out The ammal was conscious Spmal fluid sbghtly bloody with a pressure of 400 rnma 
Minimal effect 

expulsion of the cerebellum with such force as to lacerate that tissue An 
mjury with a 22 BB nfle 5 cm below the medulla which transected the spmal 
cord, resulted m cerebral contusions of the cortex of the hemispheres due 
possibly to transmitted pressure Fmally, cerebral tissue was consistently ex- 
truded through the defect made by a bullet’s entrance 

Measurement of the mtracranial pressure at the time of mjury by means 
of a fluid system attached by copper tubing to a tambour from an adapter 
screwed mto the skull, showed only mstant quahtative changes m pressure 
Records of the cerebrospinal flmd pressure m the cistern at later mtervals by 
means of a 1 mm bore manometer showed the highest pressure to be 400 
mm of water The average pressure was between 100 mm and 200 mm of 
water Figure 7 is a typical record of blood pressure and the respirations, 
showing also the qualitative change m intracramal pressure at the moment 
of injury Figure 4 shows the result after decompression of both hemispheres 
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mg object The increased pressure is dispersed throughout the closed sys- 
tem, it acts upon all tissue and it is maniJfested by the response of the vital 
medullary centers The vital cell or center damage, recoverable or fatal, may 
be the direct result of this sudden pressure Additional immediate or delayed 
mjury to the cells may result from the mdirect effects of mtrmsic vascular 
damage and the local destructive process When the medulla was destroyed, 
death occurred without hypertension because of dissolution of the vasomo- 
tor mechanism By means of a bilateral decompression, the mtracramal 
hypertension was partly prevented and the medulla centers were spared 

Conclusions 

1 Penetrating wounds of the bram were produced m dogs under mor- 
phine analgesia by means of a mechanical drill, pellet shot, 22 BB revolver 
and a 22 BB nfle 

2 A sudden, mtense, mcreased mtracramal tension of bnef duration at 
the mstant of mjury was observed to accompany gunshot mjunes of the 
bram by the 22 BB revolver and BB rifle It is felt that this mcreased mtra- 
cramal tension is the cause of the acute physiologic effects observed 

3 The results of the mjunes could be classified mto profound, moderate 
and minimal physiologic effects Profound effects were characterized by loss 
of respiratory and palpebral reflex activity, hypertension and death, the re- 
sult of mjury with the 22 short nfle (970 ft per sec ) In the moderate group, 
the reflexes and respiratory function were temporarily mtemipted, a rise m 
blood pressure usually occurred, some of the ammals survived This degree 
of injury was produced by the 22 BB revolver (780 ft per sec ) Those m 
the minimal group showed no significant change m the vital functions and 
these ammals all survived the acute experiment m which mjury was pro- 
duced by a penetrating drill or pellet shot 
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injuxy while a Iflrge nisss with nunmifil velocily mfly produce no siguihcsut 
effect The product of mass and velocity is momentum In our expenence, 
the acute pathological and physiological effects of mjury to the head are 
proportional to the tune rate of change of momentum of the mjurmg object 
withm an optimum range 

Sir Victor Horsley, (1) observed the effects of gunshot wounds of the 
bram m the experimental animal He emphasized the significance of a bullet’s 
rotation as it penetrated, the rotation settmg up perpendicular fines of force 
and thus produemg widespread damage Kramer and Horsley (2) stated that 
death "is not, as usually supposed, due to failure of the heart, but to arrest 
of the respuatory movements ” The changes m circulation consisted of "(a) 
shght imtial fall of blood pressure, (b) considerable later nse of blood pres- 
sure, (c) preservation of the rhythm of the heart ” The authors attributed 
these phenomena as due to "a gradual nse m the mtracramal tension due to 
hemorrhage withm the skull cavity” — "supervenmg on the primary arrest 
of respiration ” They stated that "the action of a bullet is essentially a hy- 
drodynaimc one ” 

The observations which have been made are similar to those of Kramer 
and Horsley concermng the vulnerabdity of the respuatory center m gunshot 
wounds of the bram The response of the blood pressiue to this type of 
trauma was different from that reported by these observers In our expen- 
ence, a nse m blood pressure occurred which was prompt, profound and um- 
form m the higher velocity group of mjuries The hypertension began at the 
mstant of mjury and it was not preceded by a fall m pressure Tachycardia 
and an mcreased pulse pressure usually accompamed the hypertension 

The fid and comeal reflexes, the respuations and vasomotor activity were 
deranged m duect proportion to the mtensity of bram stem mjury In the 
profound group, the reflexes and the respuations were abohshed In the 
minimal group, although mmor disturbances of respuatory rate occurred, 
reflex function appeared to be normal Unpredictable reactions of the respua- 
tions and reflexes were noted m the moderate group In some experiments, 
respuatory activity alone was lost while the hd reflexes remamed active In 
others reflexes only were lost In most instances, both respuatory and reflex 
function were lost together and each recovered at varymg and different 
periods The absence of hd and comeal reflexes was always associated with 
coma However, coma was also found to occur m the presence of active fid 
and comeal reflexes Thus, the absence or presence of these reflexes, a cn- 
tenon used by Denny-Brown and Russell (3) may not serve for evaluating 
the conscious state 

The acute physiological response foUowmg gunshot penetrating wounds 
of the bram m the experimental animal is due to an intense, momentary 
increase m intracranial tension at the mstant of mjury The force, (known 
as explosive force ) (4), of a bullet transnutted to a closed, semiflmd sys- 
tem, results m a sudden mcreased mtracramal pressure, the mtensity of 
which IS dependent upon the time rate of change of momentum of the mjur- 
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motility m the proximal segment of the transected mtestme following dis- 
tension of the distal segment could still be obtamed m some animals after 
division of the nerves mdicated above The intestmo-mtestmal inhibitory 
reflex, however, could only be obtamed occasionally and the evidence is by 
no means conclusive Nor can one agree that "all connections of the cehac 
plexus with the central nervous system were mterrupted ” 

Other experiments along the same hnes have given conflictmg results 
Hermann and Morm (1), and Morm and Vial (10) found that m anaesthe- 
tized dogs bilateral splanchmcotomy alone was sufficient to eliminate the 
mtestmo-mtestmal inhibitory reflex Bilateral splanchmcotomy, however, 
does not always abolish it (17) In unanaesthetized dogs havmg two Thiry 
fistulae made from adjacent segments of the upper jejunum, Youmans, 
Karstens and Aumann (17) found that removal of both lumbar sympathetic 
chams from above the pomt where the major splanchmc nerves emerge, 
elimmated all inhibition m either mtestmal segment durmg distension of the 
other segment The same procedure abolished aU pam response from mtes- 
tmal distension Bilateral vagotomy did not abolish the inhibitory reflex 
Ivy and his collaborators (2, 16), on the other hand, have shown that inhibi- 
tion of bile flow foUowmg distension of the colon, persisted m two dogs m 
which bilateral splanchmcotomy and bilateral excision of the lumbar chams 
had been performed, and was still present m one of these animals after bi- 
lateral vagotomy had been superimposed upon the previous surgical pro- 
cedures 

One of the chief problems m mterpretmg the results of all such expen- 
ments is the uncertainty that the coehac gangha have been completely de- 
prived of all central coimections The only sure method of decentrahzation 
IS complete sympathectomy, by the method mtroduced by Cannon, com- 
bmed with bilateral vagotomy We have therefore remvestigated the m- 
testmo-mtestmal inhibitory reflex m such a preparation Professor C W 
Hampel has kmdly given us advice on the procedure of complete sympathec- 
tomy and participated m each operation Prehmmary studies were earned 
out on animals with only the splanchmc nerves cut, or the lumbar sympa- 
thetic chains removed, either on one side or bilaterally Section of the vagi 
alone was also earned out m many experiments, but never had any effect on 
the mtestmo-mtestmal reflex This observation, merely confirmatory of all 
previous work, is not mcluded specifically m the results 

METHODS 

Recording Cats were anaesthetized by nembutal admnustered mtrapentoneally A 
loop of jejunum, approximately 16 cm distaJ to the point where the small mtestme passes 
behmd the colon, was transected together with the attached mesentery down to the large 
mesenteric blood vessels A balloon (latex finger cot) was inserted mto the proximal eeg- 
ment of small bowel and connected with a tambour for a kymographic recordmg of mt«ti- 
nal contractions Another balloon was placed into the distal loop m order to distend the 
gut The edges of the opemng into the abdommal cavity were chpped together, and me 
animal was kept warm throughout the experiment Blood pressure was recorded from the 
femoral artery One to two hours were usu^y allowed to elapse before the experiment was 
commenced, m order to obtam adequate mtestmal contractions A fairly regular base hne 
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Visceral afferent neurons, for the most part, have their cell bodies in dorsal 
spinal root gangha and their first synaptic connections in the spinal cord The 
experimental evidence (8, 9, 12, 14) upon which this conclusion is based has 
been reviewed elsewhere (11, 15) True reflexes mvolving synaptic transmis- 
sion take place, accordmg to this view, only through the central nervous 
system Certam experimental evidence (13), however, mdicates the possible 
existence of reflexes mediated through 'decentralized’ sympathetic gangha, 

1 e , those depnved of all connections with the central nervous system It is 
thereby imphed that withm the peripheral sympathetic system are located 
sensory neurons, the centnpetal processes of which end m S3nnpathetic 
gangha m cormection with postganghomc cells, thus estabhshmg an mtrmsic 
sympathetic reflex arc 

The latter view has received considerable support recently from expen- 
ments on the 'decentralized’ coehac and mesentenc gangha Kuntz (3) ob- 
served the persistence of some S 3 maptic connections m the coehac ganglia of 
cats after "the splanchmc nerves were divided and the upper lumbar segment 
of the sympathetic trunks extirpated bilaterally ’’ Bilateral vagotomy did 
not appreciably dimmish the number of residual synapses About two weeks 
were allowed to elapse between the operation and histological study In other 
experiments the nerves extending from the coehac plexus to the gut were 
sectioned and a few days later some degeneratmg fibres were found m the 
proximal parts of these nerves This observation suggested the presence m 
the wall of the gut of afferent neurons with fibres runmng centnpetaUy mto 
the coehac plexus Kuntz concluded that the synaptic connections which 
persisted in the coehac gangha, followmg degeneration of the splanchmc 
nerves and extirpation of the upper lumbar chams, probably represented the 
termmation of such centnpeti fibres Similar results were obtamed m ex- 
penments on the infenor mesentenc gangha (4) Tlie extent of the removal 
of the sympathetic chains m these experiments is not indicated precisely, 
which makes it difficult to evaluate the completeness of the decentralization 
of the gangha 

Physiological endence m support of their histological findmgs was of- 
fered by Kuntz and Buskirk (5) In cats mhibition of bile flow follows dis- 
tension of the distal segment of a transected loop of mtestme The reflex 
was unaltered by bilateral section of the splanchmc and vagal nerves, a 
procedure which they refer to as 'decentralization’ of the coehac plexais, 
despite the fact that the lumbar sympathetic chams were presumably left 
intact in these experiments In the same type of preparation inhibition of 



266 


SEELIG FREUND AND DONAL SHEEHAN 


left splanchnic nerves remained, intestmo-mtestinal reflexes could still be 
produced m all the other animals As m the group in which bilateral sym- 
pathectomy had been performed, it became more difficult to obtam the reflex 
Only 40 per cent of a total of 58 distensions were effective When inhibition 
did occur, it differed httle from that which was found m the other groups, 
and the latent period remamed the same 

Effect of bilateral splanchnicotomy and bilateral lumbar sympathectomy 
Out of 8 cats in which denervation was performed acutely and the inhibitoiy 
reflex tested immediately afterwards, mhibition could only be mduced in 3 
animals, and m these only 16 per cent of 51 distensions were effective The 
mtestmo-mtestmal inhibitory reflex was completely absent m 4 chrome prep- 
arations, m which bilateral splanchmcotomy and bilateral lumbar sym- 
pathectomy had been performed three months earher 

Effect of complete decentralization of the coeliac ganglia In 5 cats both 
sympathetic chams were removed from above the stellate ganghon down to 
the level of the bnm of the pelvis, in the manner described above All the 
splanchmc nerves are thereby divided Three weeks later the inhibitory re- 
flex was absent m every animal of this senes, despite numerous tnals It may 
be observed m passmg that the vagi were still intact at this stage of the ex- 
periments Completion of the decentrahzation of the coehac gangha by bilat- 
eral vagotomy had one mterestmg result In the mtact animal distension of 
the mtestmal loop frequently results m an immediate nse m blood pressure 
This vasopressor reflex is stiH present after complete sympathectomy but is 
markedly dimmished by bilateral vagotomy below the diaphragm Neverthe- 
less some nse m blood pressure is still perceptible after such decentrahza- 
tion Presumably the afferent pathway is largely vagal, but somatic nerves 
m the abdonunal wall may participate to a lesser degree The latter is sug- 
gested by the fact that if the loop of mtestme to be distended is hfted out of 
the abdommal cavity, distension no longer produces the reflex m the abdomi- 
nally vagotormzed animal 

Discussion 

The most significant observation of the present senes of expenments is 
the fact that no mtestmo-mtestmal inhibitory reflex could be obtamed m 
any of the completely sympathectomized animals or m those m which bilater- 
al splanchmcotomy and bilateral lumbar sympathectomy had been performed 
three months earher Certainly m the former group there can be no question 
of any connections, other than vagal, between the coehac ganghon and the 
central nervous system The vagal pathway has been shown repeatedly not 
to participate m the reflex The results give no support to the postulated 
existence of visceral afferent neurons wi& cell bodies lymg m penpherally 
located gangha 

Out of 8 cats, however, m which bilateral splanchmcotomy and bilateral 
lumbar sympathectomy was performed acutely, the inhibitory reflex could 
be mduc^ occasionally m 3 animals This difference between the results m 
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of activity having been obtained, the distal segment of the jejunum was distended by in- 
flatmg the balloon with 20 cc of air for about 10-15 sec (The \ olume of aur was sometimes 
mcreased gradually to 45 cc and for periods up to 40 sec ) 

Decentralization of codiac ganglia (chrome preparations) Each sympathetic chain was 
removed m one piece from above the stellate ga ng lion down to the lev el of the bnm of the 
pelvis The entire thoraco-lumhar outflow was thereby eliminated, and all splanchmc 
nerves, both thoracic and lumbar, divided The excision was done m three stages The 
mtestmo-mtestinal reflexes were t«ted one week after the last operation Decentralization 
of the ganglia was completed at the time of the experiment by dividing the vagus bilaterally, 
either m the neck or just below the diaphragm The abdominal vagotomy was in some in- 
stances combmed with transection of the oesophagus 

In the prehmmary studies (mostly acute preparations), four principal pathways had 
to be considered the right and left splmichmc nerves and both lumbar sympathetic chains 
Only one of these four was cut or removed at any one tune, the motihly of the mtestme 
was permitted to re-establish itself, and an attempt at inhibition, as outhned abov e, again 
tried This procedure was followed until all four factors were removed The order in which 
the nerves were cut or removed was varied m each experiment 

Splanchnicotomy The greater and the lesser splanchmc nerves were considered to- 
gether and cut as they emerged on the under surface of the diaphragm The peritoneum on 
the crura of the diaphragm was opened and all the retro-pentoneal tissue stripped away 
from the muscle m order to be certam that aU of the nerves piercmg it were mterrupted 
Lumbar eympathectomy The sympathebc cham was removed from its emergence 
through the diaphragm down to the level of the bnm of the pelvis The first lumbar ganglia, 
which are above the diaphragm, placed respectively opposite the vertebral bodies of T13 
and Ll, are left intact by this procedure 


Results 

Normal mtestino-intestinal reflex Inhibition of intestinal motihty m the 
proximal loop was produced during distension of the distal loop of mtestme 
m each of 15 mtact cats exammed It occurred m 98 per cent of the total 61 
attempts at inhibition The inhibition was charactenxed by a relaxation of 
muscle tone, with usually though not mvanably, a cessation of mtestmal 
contractions The latent penod was never longer than 3 sec after distension 
of the distal loop The duration of inhibition was vanable, mtestmal activity 
reappeanng m some mstances before release of the stimulus, where the 
latter was maintamed for longer periods (30-40 sec ) 

Effect of splanchnicotomy In ah 5 animals with unilateral splanchnicot- 
omy, 3 on the left side and 2 on the right, the inhibitory reflex persisted 
Inhibition was obtamed foUowmg 16 of a total of 20 distensions (80 per cent) 
Bilateral splanchracotomy was performed in 3 cats, m 2 of which the m- 
hibitory reflex could stih be obtamed m 12, z e , 86 per cent of 14 attempts 
Effect of lumber sympathectomy The results were similar m ah respects to 
those found m normal cats After unilateral sympathectomy the reflex was 
produced in ah of 4 cats investigated Twenty-one of the 22 distensions were 
effective (95 per cent) After bilateral sympathectomy inhibition was demon- 
strated m each of 4 cats so prepared The percentage of effective distensions 
fell, however, to 44 per cent of a total of 39 distensions 

Effect of splanchnicotomy and lumbar sympathectomy, with one of the four 
nerves remaining There were 7 cats m this group The left splanchnic nerv'es 
were mtact m 3, the nght splanchnics in 1, the left lumbar cham m 2 and the 
right lumbar chain m 1. With the exception of one of the cats m which the 
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sympathectomy the reflex can rarely be ehcited The procedure may leave 
some mtact connections between the coehac gangha and the central nervous 
system The possibdity of pregemghomc axon-reflexes has also to be con- 
sidered 

5 No support IS found for the postulated existence of true reflexes through 
the decentralized coehac gangha 

6 A vasopressor reflex foUowmg mtestinal distension is stiU present after 
complete sympathectomy but is markedly diminished by bilateral vagotomy 
below the diaphragm Presumably the afferent pathway is largely vagal, but 
somatic nerves m the abdommal wall may participate to a lesser degree 
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the acute and chronic experiment of the same nature requires further com- 
ment The most hkely explanation is the probabihty that the coehac ganglia 
are not necessarily completely decentralized by the operation In these pre- 
hmmary studies no attempt was made to reach the sympathetic ch ain s above 
the diaphragm, and the upper one or two lumbar gangha are therefore left 
mtact One other possibdity must be considered 

In 1874 Langley and Anderson (6), confirming an earher observation by 
Sokownm, showed that if all the upper branches of the inferior mesenteric 
gangha are cut stimulation of the central end of one hypogastric nerve results 
m contraction of the bladder This does not occur if mcotme is mjected m- 
travenously or if the opposite hypogastric nerve is cut But mcotme does not 
abohsh the effects on the bladder of stimulating the peripheral end of the 
hypogastric, so there was presumptive evidence for a s 3 maptic junction with- 
m the inferior mesenteric ganghon Langley and Anderson then added two 
significant observations If one h 3 p)ogastnc nerve is cut and time allowed for 
nerve degeneration then stimulation of its central end still causes contraction 
of the bladder with all upper branches of the mfenor mesenteric gangha divid- 
ed Thus the nerve fibres stimulated m the experiment cannot be the centnp- 
etal processes of visceral afferents whose trophic centres he close to the 
bladder wall for these would have degenerated m the central end of the 
divided hypogastnc nerve Secondly if the section of the upper branches of 
the mfenor mesentenc gangha is earned out several days before the expen- 
ment, allowmg tune for degeneration, stimulation of the central end of the 
hypogastnc now no longer produces any effect on the bladder Hence the 
nerve fibres stimulated m the reflex must have then trophic centre above the 
mfenor mesentenc gangha By section of appropriate spmal nerves proximal 
to the spmal gangha, Langley and Anderson showed that the actual fibres 
concerned were preganghomc and probably not postenor root afferent Fur- 
ther experiments by Langley (7), on similar reflexes m the sympathetic pilo- 
motor system, led him to establish the existence of collateral branchmg of all 
preganghomc fibres, and he designated the type of reflex discussed here as 
'preganghomc axon-reflexes ’ Some such arrangement rmght equally explam 
the difference in results noted here between the acute and c^omc expen- 
ments 

Summary 

1 The intestmo-mtestmal inhibitory reflex can be still obtamed after any 
of the following procedures bilateral vagotomy, bilateral splanchmcotomy, 
or bilateral abdominal sympathectomy 

2 So long as one splanchnic nerve or one lumbar sympathetic cham is 
left mtact, the reflex persists 

3 Complete sympathectomy (removal of both sympathetic chams from 
above the stellate ganglion down to the level of the bnm of the pelvis) abol- 
ishes the reflex 

4 Immediately after bilateral splanchmcotomy and bilateral lumbar 
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larly pressure block, caused by artenes below that tolerable muumum For 
this purpose, long nerves, cut at a distal level, were threaded through the 
lumen of a small segment of artery, and then the blockmg of conductaon of 
impulses through that region was studied Hermann (9) ascnbes the earhest 
observations on pressure block of nerve conduction to Fontana (1797) The 
first work to overcome the techmcal inadequacies inherent m most of the 
earher studies was that of Meek fmd Leaper (11, contams review of earher 
hterature), descnbmg reversible block m frog nerves after apphcation of uni- 
form pressures of up to 90 pounds for less than five mmutes 

Cto own experiments consisted of two groups In both a hmb nerve of a 
rat was cut and a piece of artery was then pulled for some distance over the 
proximal stump In one group, the effects of the sleeve on conduction along 
the nerve were studied immediately after the operation, while m the other, 
the exammation was not made until the second week after the operation 
Nerves prepared m this way were stimulated at the proximal end with "max- 
imal” stimuh, and the resultmg action potentials were recorded osciUograph- 
ically from farther distal levels on either side of the arterial sleeve Pressure 
block could thus be identified by the dechne and eventual disappearance of 
the potentials beyond the sleeve Sleeves which were not naturally con- 
stncted could be made to compress the nerve by the local apphcation of 
adrenahn, and the gradual development of a pressure block could then be 
followed directly 

MATERIAia AND METHODS 


A total of 10 white rats was used in the experiments The sciatic nerv’e was exposed 
and either the peroneal or the tibiai division was transected at the knee The transected 
nerve was freed from its partner as far proximally as could be done mthout injury Artenes 
from small donor animals had been dissected previously and kept in Ringer’s solution on 
ice Either the carotid or the proximal femor^ artery was used By means of a splicing 
clutch descnbed previously (16), a segment approximately 5 mm in length was shpped 
over the proximal nerve stump from its free end Save for two cases exammed immediately, 
all wounds were closed, and healed without comphcation After a lapse of from 8 to 13 
days, the operated nerves were again exposed, excised, and placed in a specially constructed 
stimulation chamber for electrical recording All operations were done under nembutal 
anesthesia 

The stimulation cell consisted of a trough of lucite, cca 1 cm wide, 1 cm deep and 14 
cm long At intervals of 5 mm silver wires crossed the trough In the middle each wire was 
fashioned into a U-shaped receptacle for the nerve Save for these bends, the wires were 
insulated over their full length with "Amphenol 901" cement From the outside the wues 
were connected with the binding posts of a multiple selector switch box, the contacts of 
which were so arranged that by the turning of two dials any combinations of wires could be 
made to serve as stimulating electrodes and as leads After its mtroduction mto the chan> 
ber, the nerve rested freely on the U-shaped supports of the solver wires m air saturated with 
moisture 

Action potentials were amplified by means of a condenser-coupled amphfier (tune 
constant 0 01 sec ) end were viewed and photographed on the screen of a cathode-ray os- 
cillograph With this apparatus it was not difficult to recognize repetitive impulses as a 
standing wave if their voltage was a rmcrovolt or more Measurements of latency from the 
stimulus artifact and of peak voltage were made on enlarged projections of the photogra- 
phic records 

Stamuh were provided by a square-wave stimulatmg circuit that was triggered by the 
sweep aremt of the oscillograph Pulses of less than 0 1 msec duration were employed ana 
were passed through a capacity-shielded transformer to reduce artifacts and render the 
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The search for an improved method of re-umting severed nerve stumps has 
yielded what appears to be a superior method m the use of arterial segments 
as sphcmg agents (15, 16) The cut ends of the nerve are jomed without su- 
ture inside of a snugly fittmg sleeve of artery, which serves the multiple pur- 
pose of holdmg the nerve ends together, preventmg fiber escape, br an c hin g 
and neuroma formation, and precluding the mgrowth of fibrous connective 
tissue detrimental to nerve regeneration The success of the operation and of 


the subsequent regeneration depends largely upon the correct fit of the artery 
If the artery is chosen too wide for the given size of nerve, it fails to seal the 
nerve ends, and the space left between tube and nerve mvites fibrosis and 
nerve fiber escape In order to avoid these hazards, one would feel tempted to 
use artenes with a lumen narrow enough to clamp down tightly on the nerve 
ends Fresh artenes are sufficiently distensible to be fitted over a nerve of 
considerably larger diameter, so that a firm seal between nerve and artery 
could he insured However, it was soon found out that such a tight fit was 
harmful m that it produced permanent compression of the underlymg nerve 
Moreover, some artenal sleeves which at the time of operation did not seem 
to compress the nerve, were at a later tune found to have narrowed down 
appreciably, causmg a bottleneck-shaped constnction (see 16, fig 7) This 
was never observed when aorta had b^n used, but was qmte common with 
carotid or femoral artenes, i e , vessels with a muscular wall The tightemng 
of the sleeve resulted from a gradual contracture of its wall, which may be 
ascnbed to a direct response of the musculature to pressor substances m the 
blood This IS the more plausible as vascular muscles after denervation acquire 
increased sensitivity toward adrenahn (2) 

In view of the potential clmical value of the sleeve sphcmg method, the 
syndrome of the constncted sleeve deserved more than passmg attention 
The histological analysis, which revealed a number of mterestmg facts of 
more general sigmficance, will be presented m greater detail elsewhere (17) 
It was the purpose of the experiments reported m the present paper to as- 
certam the mnumum size of artery compatible with undisturbed functiomng 
of the nerve in its intenor, as well as the functional disturbances, particu- 


• The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Develop- 
ment and the Unncrsitj of Chicafio It was also aided by the Dr Wallace C and Clara A 
AblKitt Mcmonnl Fund of the Umversilj of Chicago We are indebted to Dr A Cecil 
Tn j lor for a^istance in the operations and to Miss Harriet Mj lander for technical help m 
the electncnl tests ^ 
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shortness of the exposure Moreover, the response recorded from a pomt proximal to 
the sleeve and fully exposed to the surrounding air likewise failed to recover The sleeve 
was removed after 30 nunutes (R) with the nerve left in its original position Records 
taken 20 minutes later showed no significant recovery of conductivity The nerve was 
then removed from the stimulation chamber and placed in Ringer’s solution for the next 
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Fig 2 Development of pressure block during adrenalin constriction of sleeve, as re- 
vealed by the decbne of the amplitude of the action potentials recorded from the poi^ 
mdicated in the diagram, after maxunal stimulation at S Further explanation in text 
Ordinates give percentage of the original size of the response at the beginmng of the experi- 
ment A, Adrenalin apphcataon B, Blotting W, Washing R, Removal to Rmger bath 

twenty nunutes When returned to its original position in the stimulation chamber, it 
proved to have recovered full conductivity through the formerly compressed region 

The sluggishness with which the pressure block disappear^ is attributable to two 
factors firstly, even after washmg the artery relaxes only gradually, and secondly, the 
nerve, bemg relatively plastic and unelastic in its transverse direction, returns to its ongmai 
diameter but slowly 

Case RB (Fig 3) Segment of carotid artery (3 mm ) pulled over tibial nerve Temperature 
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stimuli diphasic The stimuh were always adjusted to a strength shghtly but definitely 
supramaximal for the A fibers Theur adequai^ was verified frequently during each expen- 

ment j- j 

Five of the tested nerves were prepared for histological sections They were fixed m 
Bourn’s fluid, impregnated with sflver according to Bodian, with or without Mallory’s 
Triple Azan Stain 

Experimentai, 


A Pressure block by adrenalin constriction of fresh arteries In these tests 
oscillographic records were taken immediately after the arterial fragment 
was shpped over the nerve Two cases were studied The nerve was transferred 
to the stimulation chamber from Rmger’s solution and excess fluid was 
blotted off The nerve was crushed just proximal to the most distal support- 
ing wire, which also served as one of the recordmg leads The positions of 
stimulatmg electrodes, arterial sleeve, and recordmg electrodes are mdicated 
m the diagrams actfompanymg fig 1 and 2 After 
constancy of the response had been ascertamed, a 
drop of adrenalm (1 1000) was placed on the ar- 3 43 
tenal sleeve, and as soon as a dimmution of the 
action potential spike beyond the sleeve became 
noticeable, a senes of photographs was started The 3 50 
elevation of the peaks of the response over the base 
hne was used as an mdex of the volume of nerve 
fibers conductmg through the sleeve For easier 3 53 
comparison, percentage values instead of absolute 
values were used m makmg the graphs, with the 
amphtude of the "maximal” response at the be- ^ 55 
giniung of an experiment set at 100 per cent 



Case HA {Fig 1 and 2) Segment of carotid artery (3 mm ) 
slipped over tibial nerve Temperature 23 5°C Records were 
taken alternately from a point distal to the sleeve (sobd line) 
and a point near the proximal end of the sleeve (broken Ime) 
At both points, the action potentials dropped rapidly after 
adrenalin was applied (A) The reduction expresses the pro- 
gressive interruption of conduction in the nerve fibers at the 
level of the sleeve It is not due to a possible shunting effect 
of the drop of adrenalin placed upon the nerve, for neither 
docs the application of the drop itself produce a decrease of 
of the amplitude, nor does the blotting off of the drop (at B) 
arrest further decline Eleven minutes after adrenalin ad- 
ministration conduction of impulses through the area of the 
sleeve has practically ceased Even at the highest amplifica- 
tions, there was no evidence of impulses passing through the 
compressed area The pressure block has become complete 
Records from the area proximal to the sleeve have, in the 
meantime, dropped to about one-fourth of their onginal size 
In order to test the reversibility of the block, the sleeve 
was rinsed with Ringer’s solution while remaining on the 
electrodes (W) At first, the response returned to onlj about 
10 per cent Either the sleeve had failed to relax its gnp on 
the nerve, or the nerve fibers had been pcrmanentlj dam- 
nged, or finally, the constneted nerve segment being shut 
slew e, had become nsphyxiatod 'The last explanation maj 



Fig 1 Decline and re- 
covery of oscillographic re- 
sponse recorded from nerve 
distal to constriction sleev e 
after adrenalin application 
and washing Adrenalin was 
applied at 3 48 The tunes 
at which records were taken 
are indicated on the mar- 
gin Further details in text 

off from the medium bj the 
be discounted m view of the 
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Damage to some of the nerve fibers along the surface diminished the distal response as 
compared with the earlier determinations In the graph, Figure 3, second half, the size of 
this response was set as 100 per cent Adrenalin was then applied As can be seen from the 
graph, the pressure block developed much more slowly than it did either in the same prepa- 
ration on the previous day, or in case RA Even 26 minutes after the first (A-), and 15 
minutes after the second adrenalin administration (Aj), the response distal to the sleeve 
had lost only 61 per cent of its amplitude This slowness can be explained by the fact that 
a considerable number of fibers had been npped off, so that the nerve was thinner than on 
the preceding day, rendering the arterial grip less effective 

Otherwise, case RB corroborates case RA in showing that a nerve which was exposed 
to a local compression block with complete interruption of conduction may gradually re- 
gam its conductivity after being released from the compressing agent That the conduction 
block IB due to the compression by the sleeve rather than to a direct effect of adrenalin, can 
be considered as certain Not only has adrenalin never been shown to have any such block- 
ing effect on nerves, but it has failed in our own experiments to affect conduction when 
placed upon tlie nerve directly 

The reason for the reduction of the response in the proximal nerve portion immediately 
adjoining the sleeve is not entirely clear Above all, we do not know whether it indicates an 
actual drop in the number of conducting fibers or an increase in the shunting withm the 
nerve, which reduces the fraction of the total action potential recordable from the surface, 
or possibly a distance effect of the kind observed by Gerard (6) after Icoal nerve asphyxia- 
tion Tangl (14) and Stroebe (13) both have observed that strong compression of a nerve 
forces axonal substance back into the uncompressed portions of the fibers This might cause 
an ascending disturbance of conductivity However, it is doubtful whether the volume of 
fibers blocked proximal to the actual constriction would be large enough to account for a 
dechne of such magnitude as was registered at this level {eg ,m case RB, within 5 minutes 
a 12 per cent dechne 6 mm proximal to the sleeve. Fig 3, black dot) This leaves as mam 
explanation of the proximal decline the fact of increased shunting 

One must bear in mind that all the interstitial liquid has been squeezed from the sleeve 
and thereby added to the hquid content of the nerve on cither side Since, owing to the 
shunting effect of extraneuronal fluid, the volume of action potential recordable iiom the 
surface vanes with the ratio of axonal to non-axonal nerve content, any such increase of 
interstitml liquid for a given fiber volume means a reduction of the recordable fraction of 
generated potential The increase in fluid content of the nerve near the constnction can 
actually be recogmzed as a shght bulbous swelhng, and histological studies of chrome cases 
show the presence of voluminous edemas (Fig 4, 5) It, therefore, seems reasonable to 
ascribe most of the observed reduction of the ampbtude of the records at some distance 
from the compression to a registration artifact rather than to real interference with conduc- 
tion 


B Cases with chronic constriction Table 1 lists the 8 cases m which an 
artenal sleeve has been present over the nerve for from eight to tlurteen days 
pnor to the oscillographic tests In six of them (R45, R47A, R47B, R48, R50, 
R51) impulses were found to be conducted no farther than the proximal end 
of the sleeve No trace of conduction into and through the sleeve was ever 
noticed, even at highest levels of amplification In all these cases the artery, 
when first placed over the nerve, fitted tightly In the days following the op- 
eration, it had undergone further contraction, a fact whidi became clear firom 
the histological preparations 

Lack of conduction through the sleeve raises the question of whether there 
was merely a physiological pressure block or whether the nerve had imder- 
gone degeneration Thus, five of the six specimens were sectioned and studied 
histologically The impregnation of one (R51) was unsatisfactory, the re- 
maimng four showed various degrees of degeneration, which may be bnefly 
desenbed 



273 


PRESSURE BLOCK IN NERVES 


utes later Eleven nunutes " n^r-ornR then washed by filling the whole stinivdation 

10 per cent of its initial a^e The f R^rr^ken after the fluid had 

:S^rpUXu^ow:dtLt^Bdu.^^ 



lightly damped around the none inth the total diameter of arteiy plus endosed nerve 
still slightly smaller than that of the free nerve alone Thirty-five minutes after the begin- 
ning of the experiment, the artery was stripped off The resistance encountered in this ma- 
nipulation proved that the sleeve was still actively contracted, and its mark on the nerve 
could be seen in the form of a conspicuous constnction This region was then washed agam 
thoroughly, but only an exceedingly small response had returned at 40 and 42 minutes 

The nerve was iben transferred to Ringer’s solution and placed in the iCe box The 
next morning, it was remounted m the stimulation chamber Stimulation thresholds were 
found to be approximately the same as on the prevaous day and good responses were ob- 
tained at all points through the area of the former constriction The temperature was 
S'! 5'C Tilt nrttnal sleeve was then again slipped on to its position of the prevaous day 
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Fig 4 For legend see opposite page 
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In general, the histological appearance of these nerves duphcates some of 
the features described m sphced and regenerated nerves with constricted 
sleeves kept for much longer periods (16) These are (i) edema of the nerve 
proximal to the constriction, (ii) swelhng of the axons proximal to the con- 
stnction, (m) tight packing and loss of diameter of the nerve fibers within 
the compression zone As these features are discussed m greater detail else- 
where, they may be illustrated here merely by a sample case Figure 4 shows 
cross sections through the nerve of specimen R50, 10 days after putting on the 
sleeve The levels from which these sections were selected are indicated m the 
diagram, Fig 5 AH sections bemg photographed at an identical magrufica- 
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tion, the variations m the diameter of the nerve become at once evident 
Moreover, the graph. Fig 5, gives the actual values of cross sectional area, 
as determined by plamgraphy of camera lucida drawmgs, plotted over the 
length of the nerve 

Figure 4A illustrates the almost unafFected proximal portion of the scia- 
tic nerve, one recogmzes the mtemal division of the nerve mto a peroneal 
and a tibial branch, the latter bemg the experimental nerve to be followed m 
the subsequent figures In the region of the edema, which begms about 3 mm 
proximal to the sleeve, the nerve is swollen to nearly twice its proximal diam- 
eter (Fig 4B), owing to the accumulation of large amounts of fluid m the 
endoneural spaces This edema mdicates, as is discussed more fully else- 
where (17), that there occurs m the endoneural spaces a persistent centrifugal 
seepage of fluid The constnction of the sleeve, by obhteratmg the endoneural 
channels, causes a damming up of this fluid in front of the bottleneck, thus 
svelhng the nerv’e -in the present case, to about three tunes its ongmal cross 
sectional area The appearance of the nerte inside of the sleeve (Fig 4C) is 
in marked contrast to that of the edematous region The fibers are tightly 
packed and there are fen endoneural spaces left All fibers are of small diam- 
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from undegenerated to predominantly degenerated portions is fairly abrupt 
At levels peripheral to the sleeve, the proportion of intact fibers is rather 



Fig 6 Photomicrographs of longitudinal sections through the compressed (top) and 
the farther distal portion (bottom) of the nerve, R47A Note the number of mtact fibers, 
mostly of small c^ber, m the sleeve region (top), and the presence of numerous mtact 
fibers of small and medium cahber, as well as of some regenerated fibers, amidst remnants 
of degeneratmg fibers in the peripheral portion (bottom) 

small Moreover, m animals R46 and R48 all fibers present are extremely fine, 
and there is every reason to assume that they represent regenerated rather 
than the ongmal branches This they reveal by occasional branchmg, certain 
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eter Degenerating fibers, scarce at the entrance into the sleeve, appear in 
increasing numbers as one proceeds distally At the exit from the sleeve, the 
nerve suddenly widens agam and reaches a cross sectional area of about 50 
per cent above normal (Fig 4D) This peripheral swelling is definitely not 
due to an edematous condition, as the nerve 
fibers are contiguous and there is no excess 
mterstitial fluid Its mam cause is the ex- 
tensive degeneration gomg on m this area, 
the mdividual degenerating axons being 
transformed mto swollen tubes of Schwann 
The shght flangmg of this portion, shown m 
Fig 5, may he an elasticity efiect In our 
cases, true edematous swelhng mvanably 
appeared at the proximal, but never at the 
penpheral side of the constriction ^ 

Many axons are widened at the level 
just proximal to the bottleneck, narrowmg 
suddenly to the smaller cahber observed 
mside the sleeve As will be shown m a sub- 
sequent paper, this phenomenon mdicates 
that the column of axonal substance is sub- 
jected to a steady centrifugal pressure or 
flow 

The histology of the other 4 cases pre- 
sents essentially the same picture The only 
vanation hes m the different proportions of 
intact fibers m the region beyond the sleeve 
This can be better estimated m longitudmal 
than m cross sections Three of the nerves, 

R45, R47A, and R48, have been sectioned 
longitudmally All three have m common 
that many fibers withm the compressed 
area are intact, with the axons continuous, of ner\e, ^0, 

Oi smooth contour, and well impregnated the diameters at consecuti\e levels 
with Sliver, that as one proceeds penph- right half of the figure, total 

erally, more and more fibers m various ^ pitted o%er 

stages of typical WaUenan degeneration metnc determinations made at 0 5 
come into view, and that the transition ®m intervals 





Fig 4 Cross sections taken at four different levels of a tibial nerve constricted b\ a 
sleeve of artery (RSO) The dimensions of the nerve and the positions from which the cress 
sections were chosen are indicated in correct proportions in the diagram. Fig 5 
A, intact part of scntic nerve, tibial divxsion (experimental nerve) at left 
H, edematous portion of tibial nerve 

C, compressed region 

D, degenerating penpheral part 

the section arc reproduced under higher magnification at 





vvjLiJioo Jnu\xjxj\j y\ xuijij xj^yxo 


were adjusted m the graph to the same relative strength as the simultaneous 
value of the distal record, i e ,88 per cent After renewed adrenalin application 
(As), it took less than ten minutes for the distal response (at the 25 mm mark) 
to dechne agam to about 20 per cent Simultaneously, a less extensive declme 
was recorded from pomts 20 and 15 mm After renewed washmg (Ws), the re- 
sponse from beyond the sleeve failed to recover appreciably and the experi- 
ment was discontmued 



The foUowmg conclusions can be drawn from this experiment The trans- 
planted segment of artery was still responsive to adrenahn after 13 days in 
the body The time course accordmg to which pressure block developed was 
of the same order m the fresh and in the transplanted artery In contrast to 
experiments RA and RB, the first Rmger’s bath produced a fairly rapid re- 
covery of conductivity through the sleeve region This may be ascnbed either 
to the fact that the adrenahn was washed off before the constnction had 
reached its full extent, or to a shght weakenmg of the artenal wall after trans- 
plantation, pemuttmg the nerve to redistend the relaxing artery and recover 
its former diameter sooner At any rate, the experiment proves that a pressure 
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irregularities of theur course and their position relative to the degenerated 
Schwann tubes On the basis of a most conservative estunate of regeneration 
speed of 2 mm per day (8) the 10 to 12 days available to these fibers after the 
operation would have been ample for regeneration through the 5 to 6 mm 
stretch beyond the end of the sleeve, which is all there was m our preparations 
In these two cases, the apparent extmction of the impulses m the sleeve 
region is, therefore, readily explamed by the absence of suffiaently large and 
numerous nerve fibers to give a recordable response The fine newly regener- 
ated fiber branches were imbedded m such a mass of non-axomc shuntmg 
tissue that their potentials may well have been lost before reachmg the re- 
ccrdmg electrodes 

In contrast, the third case, specimen R47A, contamed a much larger pro- 
portion of mtact fibers m its penpheral part, and most of these could be rec- 
ogmzed as old rather than regenerated fibers This is mdicated by their posi- 
tion and, above all, size, some bemg of medium cahber with distmct sheath 
(Fig 6) Smce the volume of these mtact fibers passmg through the sleeve 
mto the penpheral region was large enough to have yielded a fair action 
potential, the fact that no trace of such activity was discermble proves that 
these fibers were physiologically blocked m the compressed region 

Prolonged pressure block may, therefore, exist without destroymg the 
mtegnty and contmmty of the nerve fiber The fact that only one m three 
cases has given this result m our senes, clearly mdicates that the margm of 
pressure between one which merely blocks the nerve physiologically and one 
which leads to morphological degeneration is not very wide 

C Adrenalin constriction in transplanted sleeves Two cases, R46 and R49, 
failed to show pressure block, and conduction through the sleeve region was 
wholly imunpaired The sleeves m these cases were marked at the time of the 
operation as fitting "loosely” or "closely” rather than "tightly ” Lack of 
ccnstnction was demonstrated by biopsy Table 1 shows that these two ar- 
tenes were, relatively speakmg, the largest of the set In R46, the sleeve came 
from a donor of the same size as the host, and m R49,it was transplanted from 
an 80-gram donor to the peroneal nerve of a 180-gram best As is shown by 
cases R50 and R41, the same size of artery over a tibial nerve would produce 
pressure block, but the tibial at this level is about twice the size of the per- 
oneal 

Conduction through the sleeve of nerve R46 bemg perfect, this specimen 
was used to test the effectiveness of adrenahn m sleeves transplanted for 
nearly two weeks The experiment was done m the same manner as desenbed 
for cases RA and RB Figure 7 shows the results (temperature 23° C) 

Seven minutes after adrenahn apphcation (Ai), the response has dropped 
to 25 per cent of the initial size After rmsmg with Rmger’s solution (Wi), 
the response recovered to 88 per cent After that, records were taken not only 
from points distal to the sleeve but also from v\nthm the sleeve and proximal 
to it, as mdicated in the diagram For the purpose of easier comparison of 
subsequent relative changes, the second readings from the proximal pomts 
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dicate that the response dechnes in proportionate steps within successive 
intervals The initial steepness of the decline can be attnbuted to the fact 
that the large cahber fibers are the ones to succumb to pressure block first 
(5) 

Smce the pressure within the sleeves must, for physical reasons, distrib- 
ute itself evenly throughout the compressed area, ^e localization of the 
actual block must be explamed in terms of differences m sensitivity of the 
nerve fiber to the actmg pressure In case R46, for mstance, many fibers con- 
ducted more than half way through the compressed zone Other fibers are 
blocked farther proximaUy Denny-Brown (personal communication) finds 
that the first morphological changes imder contmued pressure occur at the 
nodes of Ranvier In view of the fact, however, that nerve fibers with definite 
signs of WaUenan degeneration may still be capable of conductmg impulses 
(10), a precise locahzation of the pomt of pressure block from purely mor- 
phological cntena may not be possible 

A question of considerable importance is whether or not nerve compres- 
sion produces an actual change m the size of the axon In the chrome exper- 
iments of our senes, the nerve was compressed to less than half its ongmal 
size (see Fig 6 and 6) If such a dimmution were to be achieved merely by 
the obhteration of the endoneural spaces without reduction of the size of 
the axons, at least half of the nerve cross section would have to consist of 
endoneural spaces In the rat this is definitely not the case, and part of the 
observed shrinkage m our cases must, therefore, be asenbed to actual de- 
crease m the diameter of the fibers Our histological studies seem to bear out 
this contention Nerves which have been under compression for from one to 
two weeks show total absence of larger fibers even in the most proximal 
parts of the sleeve where httle degeneration has occurred (see Fig 4C and 6) 
If the large fibers had been destroyed, their remnants would be plainly 
visible Thus the only vabd conclusion seems to be that the contmued com- 
pression has reduced the fiber diameters to such an extent as to brmg them 
all mto the small or medium cahber class Similar observations have been 
reported by Cajal (1, p 302) after moderate hgation of nerves 

The fact that the arterial constriction has produced physiological pres- 
sure block on the one hand, and morphologic^ degeneration of the fibers 
on the other, rmght suggest that a common alteration of the nerve underhes 
both phenomena This view is contradicted, however, by the fact that a 
fau proportion of nerve fibers have been able to survive a pressure block of 
ten days dvuation (case R47A) At the end of this period, the fibers were 
mtact morphologically, yet mcapable of conductmg impulses across the 
compressed area This, then, proves that the local change which blocks 
transmission m the fiber does not necessarily entad degeneration of a physio- 
logically isolated peripheral portion A prediction to this effect was made by 
Cook and Gerard (4), and the same conclusion must be reached from nu- 
merous clmical observations of nerves which have become paralyzed by the 
pressure of scar tissue or other constrictions In some instances, the mere 
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block of short duration is promptly reversible, although after a second ad- 
renahn constnction (A:), washmg failed to have the same restorative effect 
as before The response recorded from withm the sleeve region (Fig 7, 
broken hne) dechned markedly less than that recorded from beyond the 
sleeve (to 49 per cent as compared with 18 per cent), which reveals that at 
least half of the fibers, even at the height of the compression, were not blocked 
unfa! m the distal portion of the sleeve The dechne of the response at the 15 
mm mark (2 mm proximal to the sleeve) can agam be ascnbed to the shunt- 
mg effect of nerve flmd squeezed from the compressed area 

Discussion 

Accordmg to these experiments, an artenal segment pulled over a nerve 
may behave m three different ways, dependmg on its cahber If wide enough, 
it may leave the nerve permanently undisturbed If of medium width, it will 
not mterfere with the nerve under ordmary circumstances but will clamp down 
and produce pressure block of varymg mtensity when exposed to adrenalm 
If of smaller diameter thzm the nerve itself, it wdl produce permanent com- 
pression, resulting m loss of conductivity and, m more serious cases, degen- 
eration of the nerve distal to the constriction 

In stud 3 ang the development of the physiological pressue block oscdlo- 
graphically, wehavetaatly ascnbed any dechne m electnc response registered 
from the nerve beyond the constnction to the extmction of impulses m 
some of the fibers at the level of the block This assumption, however, needs 
qualification As illustrated m Fig 5, compression by an artenal sleeve may 
reduce the nerve m its lumen to less than half its former size Under this 
lateral compression, the mterstitial flmd of the endoneural spaces is displaced 
longitudinally and squeezed into the parts of the nerve bordering on the 
compressed area As this augments the non-axonal shuntmg matenal m the 
nerve, a certain reduction of the recordable action potential m this region 
should be expected The size of any dechne referable to this source can be 
estimated from the records taken proximal to the sleeve (dotted hnes m Fig 
2 and 3) Comparing these values with the drop recorded distaUy, one realizes 
immediately that no more than a rumor fraction of the latter can be ascnbed 
to shunting 

Within 10 mmutes after the mitiation of the constnction of the sleeve by 
adrenahn, the passage of impulses through the constncted area may have be- 
come completely abohshed That the block of transmission is due to the 
compression, and to no other mfluence, is clear Neither adrenahn apphed to 
the nerve duectly without a sleeve, nor the presence of a sleeve without 
adrenalm has any similar effect on the nerve The sleeve may be left on the 
nerve for a considerable length of time without mterfermg with conductiv- 
ity, yet upon applymg adrenalm, the pressure block appears wathm several 
mmutes 

Our graphs (Fig 2, 3, 7 ) reveal a ^'stematic trend m the development of 
the pressure block They resemble loganthmic functions, which would m- 
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operative removal of the scar tissue brought almost instantaneous rebef of 
the paral 5 rtic condition and resumption of conduction m the nerve, a con- 
dition which could not possibly have been obtamed if the blocked fibers had 
been m a state of degeneration Likewise, some reports m the hterature about 
crushed nerves quote time values for the recovery far too brief to have 
allowed for regenerative outgrowth of new fibers from the crushed area to 
the end organs One would suspect, therefore, that m these cases, while the 
paralysis after crushmg was complete, not all fibers may have been actually 
mterrupted, the mtact ones merely suffenng from temporary pressure block 
The occurrence of degeneration of the penpheral parts of fibers withm 
constricted sleeves mdicates that the constriction has produced a trauma as 
severe as if the fiber had been transected or crushed That WaUenan regen- 
eration may occur even without the opemng of the neunle mm al sheath has, 
of course been known from previous studies on hgated nerves (1, 13) and 
from the observations on ben-ben (3), and our present cases are merely 
another illustration On the positive side, however, they give us httle m- 
formation about the actual cause of the degeneration We cannot entirely 
exclude the possibdity that ischemia may have been mvolved masmuch as 
the stranghng action of the sleeve shuts the penpheral nerve end off from 
circulation for as much time as is needed for collateral vascularization to 
become established This, however, takes only a few days, and it is question- 
able whether this could cause degeneration It is much more hkely that the 
compression has arrested the centrifugal flow inside the axon of substances 
or factors vital for the mamtenance of axonal mtegnty, much along the 
hnes of Gerard’s (7) and Parker’s concept of degenerabon (12) 'This flow 
can apparently still proceed m a state m which impulse conduction along 
the fiber is locally blocked This we must conclude from the cases of parti^ 
degeneration with complete pressure block 

It IS mterestmg to note that the 83 nnptoms of degeneration were much 
more evident m the nerve distal to the sleeve than withm the sleeve itself, 
where the actual compression was takmg place This corroborates more 
extensive observations by Denny-Brown (personal commumcation) Cajal 
(1, p 292) hkewise notes that m ligated nerves the parts of the fibers di- 
rectly under the hgature fad to break down ’The fact is not easy to explam 
unless it were by the assumption that the pressure has not only paralyzed 
the conductive mechanism but also those properties of the nerve fiber and 
of the accompanying sheath cells which are responsible for the thorough 
transformations after trauma which we commonly call degeneration We 
know that degeneration is an active process mvolvmg cell activities, and 
not a merely passive breakdown It is possible that these progressive changes 
nere inhibited either by lack of space or by interference of pressure with a 
more subtle mechamsm 

In practical respects, these experiments underscore the importance of 
the correct choice of artery for nerve sphcing The choice must consider 
both the size of the lumen in proportion to the nerve cahber and the amount 
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In a recent paper on the cortical representation of cutaneous tactile sensi- 
bility in the monkey (7) an analysis of the pattern of cortical organization 
in terms of metamenc segmentation was presented The analysis showed 
(Fig 3) that the spinal segments from T, through the last caudal (CaO are 
projected to the contralateral postcentral gyrus and paracentral lobule in 
the same serial order as that m which they are arranged m the cord and 
with overlapping at the cortical level comparable m degree to that seen m 
the corresponding dermatomes The senal order of the cervical segments is 
retained, but on projection to the cortex these segments are reversed en bloc 
This reversal bnngs the cortical fields of the upper cervical segments m 
contiguity with the cortical fields of the upper thoracic segments, and places 
the ccrtical field of C, adjacent to that of the tngemmal nerve 

It was also pointed out that the reversal of the cervical projection results 
m two regions of metamenc discontmiuty m the cortical sensory sequence, 
that between the cortical fields of the tngemmal nerve and Cs and that 
between the upper cervical and the upper thoraac fields It was noted that 
the boundanes formed by these regions of metamenc discontinuity apparently 
coincide with the division Imes separating the face, arm and leg areas as 
defined by Dusser de Barenne’s (2) strychmne method 

The study on which the analysis was based showed that the cortical 
sensory sequence in the monkey differs in several important respects from 
that currently accepted for man (3, 5) It appears probable that these differ- 
ences may be accounted for by the greater (hlBculty of obtaimng the neces- 
sary data on man rather than by a real phylogenetic vanation Evidence m 
support of this view may be found m the important, but httle noted, paper 
by Sittig (6) on sensory fits in man For a discussion of Sittig’s observations 
see our paper on the monkey 

The purpose of the present note is to report certain observations which 
we wore pnvileged to make on the chimpanzee "Dayton” after Dr Manon 
Hines* (4) had explored the motor region of the precentral gyrus with elec- 
trical stimulation Although few, the observations indicate that the sensory 
sequence in the chimpanzee is similar to that described for the monkey. 

Ilu^ nniinl""’’ HmcsnndDr A H Schultr for the opportunity of examining 
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MATERIAL AND METHODS 

The animal, an adult male (Pan Icucoprymnus) , 15 years old, weighuig 47 17 kg , was 
received under ether anesthesia at the end of a day of experimentation m the Department 
of Anatomy (May 26, 1938) In the Department of Physiology the ether was gradually 
supplanted by intravenous pentobarbital-sodium The animal survived about 4 hours under 
the latter anesthetic Conditions were not as favorable for observation as in monkeys under 
pentobarbital-sodium and the period of survival was not long enough to permit exammation 
of many points on the postcentral gyrus 

The methods of study were the same as those used on the monkey (7) Cortical re- 
sponses were evoked by mechanical movements of hairs on various parts of ^e body surface 
or by light pressure applied to the skin The cortical responses thus evoked were amplified 
electrically and visualized on a cathode ray tube 


Observations and Comments 


The character of the cortical response evoked by moving a few hairs on 
the postenor aspect of the left heel near the edge of the sole may be seen in 

the examples given m Fig 1 The responses 
» I were surface positive and consisted of a rel- 
I atively fast component of 22 to 30 msec 
I duration, which began approximately 26 
' msec after apphcation of the stimulus, and 
^ a slower wave of lower amphtude which 

' / \ \ ^ ended nearly 100 msec after stimulation 

\ Smce the standmg height of the animal, as 

, measured by Dr Schultz, was 129 cm , the 

j ^ overall conduction velocity of the fastest 

-i-y, Vv elements was approximately 50 meters per 




sec 





Fig 1 Four cathode ray oscillo- 
graph traces of surface positive cor- 
tic^ responses evoked at HEEL 
point on postcentral gyrus (Fig 2) 
by movement of a few hairs on pos- 
tOTor aspect of contralateral heel 
Arrows at left indicate begmnmg 
and end of stimulus Tune signal 
60~/sec 


This type of cortical response was seen 
at all pomts exarmned on the postcentral 
g3irus when the appropnate portion of the 
contralateral cutaneous surface was stimu- 
lated Figure 2 shows the loci of the 7 pomts 
studied Each of these has been labeled ac- 
cording to the penpheral area which, when 
stimulated, gave largest responses at that 
pomt The labels on the precentral gyrus 
show the arrangement of the motor foci as 
determmed for this animal by Dr Hmes (4) 
Two features of the sensoiy arrange- 
ment are of special mterest (i) The pomt 
labeled HEEL was found to receive im- 
pulses pnncipally from the heel and the 
lower posterior part of the leg — a cutaneous 
field which hes on the postaxial aspect of 
thehindhmb (u) Impulsesfrom ear, occiput 
and anterior aspect of the neck entered the 
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cortex high up on the postcentral gyrus at the level of the precentral trunk 
area The cutaneous area concerned is supphed by nerves from upper cervical 
segments These two findmgs are significant and mdicate that the sensory 
sequence m the chimpanzee is similar to that described for the monkey The 
fact that the heel pomt m the chimpanzee is on the dorsal aspect of the 



Fig 2 Drawng (Xl) of dorsolateral surface of the right cerebral cortex of chimpanzee 
"Dayton " Dots on postcentral gyrus mark points at which surface positne electrical re- 
sponses were evoked on tactile stimulation of various portions of the contralateral cutane- 
ous surface Each dot is labeled to indicate the cutaneous area which, when stimulated, 
ga\ e nse to largest potentials at that cortical point Labels on the precentral gyms show 
the pattern of motor localization in this animi as determined Dr Marion Hines (4) 
We wish to thank Dr Hines for permission to reproduce her original figure with modifica- 
tions 

hemisphere suggests that the sensory area for the toes is also on the dorsal 
surface (Compare with Expt X, [7] ) 

The relation of these observations on the chimpanzee to the pattern of 
representation m the monkey can be seen with the aid of Fig 3, w^ch repre- 
sents a frontal section through the postcentral gyrus and paracentral lobule 
of the monkey The sensory sequence is given by the labels placed along the 
surface of the cortex Note the location of foci for occiput, ear, side of head 
and neck, and for the heel The latter is on the medial aspect of the hemi- 
sphere The analysis of the cortical arrangement m terms of metameres is 
shown by the overlapping heavy lines Labels on the afferent projection 
fibers indicate the spinal segments to which they are related The broken 
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hnes at the boundaries between the fields of the trigeminal nerve and Cg and 
between C? and Ti correspond to the boundanes between the face, arm and 
leg areas of Dusser de Barenne (2) In the chimpanzee, the projection area 
for the upper cervical nerves (occiput, ear, side of neck, shoulder), as indi- 


-o .-a, ^o\% 


„ ^ "Zt X- 
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DIGIT IV 
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Fig 3 Diagram to scale of frontal section through the postcentral gyrus and paracen- 
tral lobule of the monkey, giving the sensoiy sequence and showing, according to our analy- 
sis, the serial arrangement on the cortex of the dermatomic projection and the overlap of 
cortical areas for successive dermatomes Note the reversal of the cervical projection as 
compared with the projection of segments T, through Ca 4 The broken hnes at boundanes 
between the cortical areas for the tngeminal nerve and Cs and between C- and T, corre- 
spond with the boundaries between the face, arm and leg areas of Dusser de Barenne (2) 
F S , Sylvian fissure, F C , central fissure, S C M , calloso-margmal sulcus, MAX , 
maxillary division of n trigeminus, MAN , mandibular division, OPHTH , ophthalmic 
division, C , cervical, T , thoracic, L , lumbar, S , sacral, Ca , caudal (From (7 )) 


Gated by our observations, hes adjacent to the boundary between the arm and 
the leg areas as defined for this species by Dusser de Barenne, Bailey, Garol 
and McCulloch (1) It is apparent, therefore, that this boundary hne m the 
chimpanzee, as m the monkey, comcides with the region of metamenc dis- 
continuity (between C. and Ti) produced by en bloc reversal of the cervical 
spinal segments on projection to the cortex 


Summary 

Although few, the observations here reported mdicate that the tactile 
sensory area is organized m the same way m the chimpanzee as it is in the 
monkey In the latter, analysis of the cortical pattern m terms of metameres 



SENSORY SEQUENCE IN CHIMPANZEE 291 

showed that all spinal cord segments below Cs are projected to the cerebral 
cortex m their spmal sequence, whereas the cervical segments on projection 
are reversed en bloc This produces two regions of segmental discontmmty 
m the cortical sequence These regions comade with the boundaiy hnes 
separatmg Dusser de Barenne’s face, arm and leg areas 
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OF IPSILATERAL HIND LIMB REFLEXES IN CAT 
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The bEGiiENTAL REFLEX discharge (7, 31, 21) must be considered of anatom- 
ical rather than functional significance m that it contains, m unnatural com- 
bmation, those elements w^ch constitute the several distmct ipsilateral 
reflexes In the present paper are the results of experiments designed to 
resolve the segmental reflex mto its functional components The observation 
that a major division of the segmental reflex mto its direct (two-neuron-arc) 
and mdirect (multmeuron-arc) components followed segregation of muscle 
afferent and cutaneous afferent fibers for afferent stimulation (21) provides 
the pomt of departure for the experiments to be described Some of the 
present observations have been mentioned bnefly m a prehmmary note (23) 
A general discussion of these and other results wfil be found m another 
paper (25) 

The afferent fibers of the A group (14) exhibit a range of diameters ex- 
tendmg from 20p to 1 (36) In a dorsal root the whole range of fibers is 

present, but m the peripheral nerves significant segregaticns are found (36, 8, 
29, 14) which permit a degree of selecbve stimulation of the vanous com- 
ponents (21) For the purposes of the present discussion the afferent fibers 
will be classified mto groups, each group bemg marked by a peak m the 
fiber distnbution plots of one or another of the several peripheral nerves 
Group I consists of the largest afferent fibers, which are to be found only 
among the afferent fibers ansmg from muscle Approximately these fibers 
range from 20^l to 12n m diameter (8, 29), with a distribution peak at 15 to 
16m Group II contains fibers of approximately 12m to 6m m diameter, with 
a mode at 8 to 9 m These fibers form a promment peak m the fiber distn- 
bution plots of cutaneous nerves (8, 30, 14), but they are poorly represented 
among the muscles afferent fibers (8, 29) Group III consists of fibers gath- 
ered about a peak at 3 to 4 m (the delta pile) These last are to be found in both 
muscle and cutaneous nerves Another category, to consist of the C fibers, 
the afferent and reflex function of which is proven (3, 2), should be mcluded 
as group IV These fibers have not been studied dunng the course of the pres- 
ent experiments 

Since group I and group II fibers are the lowest threshold fibers m 
muscle and cutaneous nen’es respectively, they may be exated in isolation 

by the sunple expedient of selecting the appropriate neri’es for stimulation (21) 

There is no means at present of stimulating group III fibers m isolation but 
their contribution to reflex action, on stunulation, is easily recognizable as 
addition to the reflex discharges caused by stimulation of the lareer loner 
threshold fibers [after-discharge'^ | f45) ^ 
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The experiments were performed on cats, made spinal bj transection ac- 
complished through the dorsal atlanto-occipital membrane under ether 
anaesthesia, after which artificial respiration was instituted and the anaes- 
thetic discontinued 

Group I reflexes The reflex discharge resulting from stimulation of group 
I afferent fibers has been studied chiefly, but not exclusively, m connection 
with the nerve supply to the gastrocnemius muscle Sever^ considerations 
prompted this choice, not the least among which is the fact that the afferent 
fibers from this muscle have been exammed by histological means (8, 29) 
Moreover, the gastrocnemius muscle is supphed through the seventh 
lumbar (L7) and first sacral (SI) segments of the spinal cord, which provides 
a favorable site for study by virtue of the length of the nerve roots pertaining 
to those segments 

Figure lA illustrates the reflex discharge, recorded from the SI ventral 
root following stimulation of the nerves of the gastrocnenuus muscle The 



Fig 1 Group I reflex A — ^reflex discharge recorded from the SI ventral root on stimu- 
lation of the gastrocnemius nerves B — reflex discharge recorded from the gastrotnemius 
nerves on stimulating the SI dorsal root Time in 1 and 5 msec interv'als In all figures 
where there are two time designations these are for the small and large divisions respec- 
tively 

ventral roots suppljung the muscle were severed distally m order to record 
the reflex and to prevent the penetration of the mevitable antidromic volley 
mto the spinal cord Under these circumstances the gastrocnemius nerves 
are connected with the spinal cord only through the dorsal roots, and may be 
regarded therefore as ’afferent’ nerves Figure IB presents the reflex dis- 
charge obtamed by stimulatmg the SI dorsal root while recordmg from the 
gastrocnemius nerves The dorsal root was severed distally to prevent the 
dorsal root volley from coursmg antidromically mto the gastrocnenuus 
nerves Under these circumstances the gastrocnemius nerves may be regarded 
as 'purely efferent’ m function The reflex discharge from the dorsal root to 
the gastrocnemius motor fibers is essentially similar m latency and duration 
to that from the gastrocnemius afferent fibers to the ventral root 'The con- 
duction length of the reflex pathways is sunilar for the experiments lUus- 
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trated in Fig lA and B, and so therefore are the central delays The reflex 
discharges in Fig 1 have a latency of approximately 2 6 msec , which is 
appropnate for reflexes transmitted through arcs of two neurons, consider- 
mg the overall length of the pathways mvolved Figure 2 presents an esti- 
mate m greater detail of the central delay of a reflex discharge comparable 
to that illustrated m Fig lA 

The gastrocnemius nerve to SI ventral root reflex latency for the exper- 
iment illustrated m Fig 2 is 2 5 msec In the mset (B) of Fig 2 the conduc- 
tion time for the long afferent hmb of the 
reflex is recorded by the use of leads, one 
placed on the dorsum of the spmal cord at 
the root entry zone of the (mtact) Si dor- 
sal root, the other on nearby cut bone By 
measurement, afferent conduction to the 
spmal cord requires 1 4 msec By subtrac- 
tion, 1 1 msec 18 required for conduction 
m the mtraspmal course of the dorsal root 
fibers, for synaptic delay, and for ventral 
root conduction Of these events ventral 
root conduction accounts for approxi- 
mately 0 3 msec The remamder, 0 8 
msec , may be designated as central delay, 
i e synaptic delay and central conduction 
A central delay of this order of magmtude 
forces the opmion that arcs of two neurons 
are involved (27, 31) The total duration 
of the reflex spike-potential is 1 45 msec , 
the total conduction distance approxi- 
mately 19 cm , the band of fibers active 
extends approximately from 20fx to 12fi 
If the duration of the smgle axon spike 
IS taken as 0 5 msec (14), the total reflex 
has a dispersion of approximately 0 95 msec Now, at 19 cm conduction, 
a volley, initially synchronous, would have, on travelhng m a group of 
fibers varying from 20fi to 12 m m diameter, a dispersion of 1 05 msec cal- 
culated by using the conversion constant of 6 proposed by Hursh (17) 
to denve conduction velocity from diameter Granting that some or all of 
these figures may be approximations, the dispersion encountered m ex- 
periment with the reflex discharge is withm the hmit calculated for simple 
transmission along an equivalent nerv'e bundle There is, in consequence, 
reason to suppose that the reflex two-neuron-arc pathw^ays alone can account 
for the group I reflex discharges that have been descnbed 

The two-neuron-arc discharge reflects into the stunulated muscle nerve 
Wien stimulating and recording leads are placed on the same nerx'e, w'lth 
all central connections to the spinal cord intact, a tv o-neuron-arc discharge 
may be recorded, as illustrated in Fig 3 A The stunulated volley cours^ 
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Fig 2 Group I reflex A — reflex 
discharge recorded on SI ventral root 
on stimulation of the gastrocnemius 
nerves B — afierent volley evoked by 
stimulation of the gastrocnemius 
nerves and recorded from the dorsum 
of the spinal cord at the root entry 
Ime The difference m latency of A 
and B measures the sum of central 
latency and \entral root conduction 
time for the reflex discharge Time 
10,000 cycles 
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centrally m both afferent and motor fibers, and smce these fibers are m gen- 
eral similar m the case of the group I reflexes, the reflex afferent volley and 
the antidromic voUey will reach the spmal cord essentially m simultaneous 
combmation Only a small fraction of the reflex volley imder these circum- 
stances (22), however, mtermediate strengths of stimulation can be found 
which provide a sufficiently large afferent volley to produce a reflex without 
blockmg too many of the reflex pathways by vniue of the antidroimc volley 
The'use of a large nerve trunk facihtat^ the adjustment of the stimulus to 
attam this end 

At this pomt a note relative to the dorsal root reflex is m order In many of 



Fig 3 Group I reflex A — reflex voUey stimulated and recorded on the tibial nerve 
B — the same stimulation after transecting the L7 and Si dorsal roots of the same side to 
confirm the reflex nature of the discharge The 'tail' of the dnectly conducted volley is seen 
in both A and B The time relations of the reflex volley show that it is transmitted through 
arcs of two neurons Cf also Fig 9, 10 for other examples of two-neuron-arc reflex transmis- 
sion into the stimulated nerve 


the present experiments afferent fiber pathways between the stimulatmg and 
recordmg leads exist to provide potential paths for the transmission of dor- 
sal root reflexes to the recordmg leads Tliis is the case particularly when 
recordmg from the stimulated peripheral mixed nerve (44) As the central 
latency of the dorsal root reflex is 4 msec (44), it does not mterfere with the 
recordmg of group I reflexes, but it may appear m the nerve later to mimic 
other true reflex discharges In practice, the temperature of the preparation 
18 mamtamed as near normal as possible to minimize the dorsal root reflex 
In Fig 3A is shown the reflex discharge through two-neuron-arc path- 
ways as recorded on the tibial nerve on stimulation of that nerve The reflex 
discharge follows by approximately 4 0 msec the volley conducted directly 
from sfrmulatmg to recordmg electrodes The added latency for this reflex 
over that found when the reflex is recorded on a ventral root (Fig 1, 2) is 
approximately 1 6 msec , which is just sufficient to account for the added 
efferent conduction distance from the ventral root to the recordmg leads on 
the tibial nerve {cf also Fig 9A, G for a similar reflex discharge recorded 
from another preparation) Figure 3B shows that the two-neuron-arc dis- 
charge IS removed by section of the appropriate dorsal roots After section 
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of the dorsal roots there may be a slight residual discharge, which is due m 
part to a recurrent or 'pseudo-reflex’ volley from the central regions of the 
motoneurons as a result of the uncurtailed antidromic volley (32, 22), and m 
part probably to discharges ansmg m the manner of the Henng phenomenon 
at the cut ends of the dorsal roots (15, 34, 20), possibly by the action of 
negative after-potential Whatever the residual discharges may represent, 
Fig 3B provides the essential control to show that the centrifugal volley m 
Fig 3A is a true reflex volley rather than a recurrent volley of similar time 
relationships (32, 22) 

The two-neuron-arc reflex discharge does not reflect mto muscle nerves 
other than the one stimulated In Table 1 is to be foimd a hst of reflex path- 
ways from one nerve to another which have been searched for two-neuron-arc 


Table 1 Reflex pathways without two-neuron-arc reflex discharges 


Stunulated nerve 

Recorded nerve 

Remarks 

Gaatroc lat 

Gastroc med 

Fig 4B and C 

Gastroc med 

Gastroc lat 

Fig 4E and F 

Gastroc (med and lat ) 

Tibial Oess gastroc ) 

Fig 4H and I 

Fig 8B and C 

Tibial (less gaatroc ) 

Gaatroc (med and lat ) 

Fig 4K and L 

Peroneal 

Gastroc 

No reflex or very small delayed dis- 
charge, possibly a dorsi root 

Gastroc 

Peroneal 

Fig 7F, G, H, I Group III reflex, 
sometimes group II reflex 

Sciatic (less gastroc ) 

Gastroc 

No reflex discharge 

Hamstnng 

Gastroc 

No reflex discharge 

Tibial 

Peroneal 

Fig 4M, 9 Group II and group III 
reflexes 

Peroneal 

Tibial 

Very small late discharge, possibly 
dorsal root reflex or residual ipsi- 
lateral extensor discharge 

Superficial peroneal 

Deep peroneal 

Late discharges 

Tibial 

Tibialis antenor 

Fig 10 Late discharges 

Tibial 

Deep peroneal 

Fig H Late discharges 

Peroneal fless tibialis 
anterior) 

Tibialis antenor 

Late discharges Group II reflexes 


reflex discharges to no avail, together with references to the several figures 
contammg illustrative records 

Figure 4 illustrates the absence of reflex discharges from one to another 
of the divisions of the tibial nerve, even at strengths of stimulation calcu- 
lated to recruit all the A fibers of the stimulated nerve mto the 'afferent’ 
volley Record M of Fig 4, for which the tibial nerve was stimulated while 
recording from the peroneal nerve, serves as a control for the viabdity and 
patency of the central portions of the reflex system m the experiment il- 
lustrated It will be noted that the discharge recorded in 4M has a latency of 
5 8 msec , whereas the tw o-neuron-arc discharge should appear, as in Fig 3, 
with n latency approximating 4 0 msec 
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Particularly interesting among the observations of Fig 4 is the fact that 
no reflex is obtamed as between the nerves to the two heads of the gastroc- 
nemius muscle At this juncture one should recall the experiment ongmally 
performed by Shemngton (41, 42), and confirmed by Liddell and Sherring- 
ton (18) and agam by O’Leary, Hembecker and Bishop (29) In each case 
the effect of stimulatmg the central end of the severed nerve to one head or 



Fig 4 The two-neuron-arc discharge is not transmitted to muscle nerves other than 
the one stimulated (cf also Table I and Fig 7, 8, 9, 10) Group II and group III reflexes are 
not recorded ordinarily from extensor nerves (c/ also Fig 8) A, D, G, J — blank sweeps 
vnth recordmg leads on the gastroc med , gastroc lat , tibial, and gastroc nerves reflec- 
tively B, C — weak and strong stimulation of gastroc lat N recordmg gastroc med N E F 
— Similar to B, C but stimulating and recordmg leads interchanged H, I — stimulation of 
N gastroc recording on N tibial (less its gastroc branches) K, L — similar to H, I, but 
stimulatmg and recordmg leads mtWchanged M — stimulation of tibial N recordmg from 
peroneal N — group II reflex 

fraction of a muscle (gastrocnemius or quadriceps) was inhibition of the in- 
nervated remamder of that muscle, gauged on a background of decerebrate 
ngidity or crossed extensor reflex At the time these experiments were per- 
formed it was notreahzed that the antidromic volleys imavoidably trans- 
mitted centrally to the central portions of the motoneurons could effect the 
transmission of reflex effect through neighbormg motoneurons not mvolved 
m the antidromic voUey (32) The effect, usually inhibitory, is particularly 
potent as between motoneurons suppljung parts of the same muscle There 
can be httle doubt that this action of antidromic voUeys accounts, m good 
measure, for the observations of Sherrmgton, Liddell and Shemngton, and 
O’Leary, Hembecker, and Bishop Of course, the possibihty of direct inhibi- 
tion m the orthodromic sense (19, 21) caimot be neglected but the crucial ex- 
periment has not yet been devised to demonstrate direct orthodromic 
inhibition m this situation 
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In spite of the known antagonism between the reflex arcs to the several 
heads of a muscle, and the fact that this antagonism is exerted when the 
mteractmg volleys amve at the motoneurons m concert, the action cannot 
contribute significantly to the absence of two-neuron-arc discharges from 
one head to another within a muscle (Fig. 4B, C, E, F) or from one nerve to 
another (Fig 4H, I, K, L, 7, 8, 9, 10, 11) for the depressent action of anti- 
drormc volleys is not great for the two-neuron-arc reflex at the time relation- 
ships which obtam m the present experiments, i e (virtually simultaneous 
combmation of the afferent and antidrormc voUe}^ at the spmal cord) 

From the experiments descnbed it is possible to conclude that the 
afferent limb for the mediation of two-neuron-arc reflex discharge consists 
of the large, low threshold group I afferent fibers ansmg in muscle (cf also 
21), and that the two-neuron-arc discharge reflects only mto the muscle 
group of muscles or head of a muscle, the afferent fibers of which are stim- 
ulated Of course it is reasonable that, on the occasion of further sub- 
division of a muscle nerve twig, a stage might be reached, perhaps fortmtously, 
in which two-neuxon-arc discharges could be obtamed by stimulation of 
one subdivision while recording from another The endeavor to achieve this 
state of subdivision has not been pursued. 

One cannot escape the identity of distribution that obtains between the 
two-neuron-arc reflex discharge and the myotatic reflex (18) In effect the 
two-neuron-arc connections appear to constitute the pathway for mediation 
of the myotatic reflex The relatively synchronous discharge evoked m this 
pathway by smgle shock stimulation would then mutate the phasic response 
to stretih (i e , the tendon-jerk) m its most bnef, and possibly unattainable 
(cf 12, 24) form Further direct evidence for this position is to be found m 
another paper (24) 

A comparison of group I and group II reflex effect IMule the local reflex 
effect attendmg stimulation of group I fibers is confined to two-neuron-arc 
pathways, the reflex discharge followmg stimulation of a cutaneous nerve 
or of the medium threshold fibers (cutaneous for the most part) of a mixed 
nerve, has all the attributes of the multmeuron-arc discharge as encountered 
in the segmental reflex (21) Furthermore, the distribution of the reflex 
evoked by stimulation of the cutaneous afferent fibers is qmte different 
from that of the group I reflex 

In Fig 5 are compared the effects of stunulatmg group I and group II 
fibers, as recorded from the dorsum of the spmal cord after the manner of 
Gasser and Graham (13) and of Hughes and Gasser (16) Figure 5A char- 
actenzes the events on stimulation of the nerve to the medial head of the 
gastrocnemius muscle, the appropnate ventral roots bemg severed Re- 
corded with the same electrode positions. Fig 5B illustrates the events on 
stimulation of the sural (external saphenous) nerve Pig. 5C shows the 
recorded result of combined stunulation of the two nerves The conduction 
distance from the stimulating electrodes to the spmal cord was so arranged as 
to be equal m the two nerves Study of Fig 5 reveals that the group I 
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afferent voUey is recorded from the dorsum of the spmal cord as a tnphasic 
variation (c/ 13) practically devoid of an associated and ensuant negative 
mtermediary potential, whereas, m contrast, the smaller group II spike 
potential is followed immediately by a promment negative mtennediaiy 



potential, signalhng mtemimcial activ- 
ity In 5C, on the occasion of simultane- 
ous stimulation of the two nerves, aU the 
elements occurrmg severally m records 
A and B are present m approximate 
summation, which mdicates a rather 
high degree of mdependence between the 
two reflexes imder the conditions of the 
experiment (i e , with synchronous stimu- 
lation) and among the elements that con- 
tribute to the cord potential as recorded 
from the cord dorsum (but cf Fig 12 for 
interaction at another interval of shocks 
Comparison of Fig 5, 6 and 12 illustrates 
the fact that the reflex effect of the cuta- 
neous nerve stimulation, the flexor re- 


Fig 5 Records from the dorsum 
of the spmal cord A — the nerve to the 
medial head of the gastrocnemius mus- 
cle IS stimulated B — stimulation of the 
sural nerve C- — combined stimulation 
of the gastroc med N and the sural 
N Note longer conduction time for 
sural nerve volley than for gastroc 
med nerve volley, and negative mtei^ 
mediaiy potential evoked by sural 
nerve stimulation 


flex, IS prepotent) 

Figime 5 emphasizes the different con- 
duction characteristics of the group I and 
group II afferent volleys The difference 
m latency of conduction amounts to ap- 
proximately 0 4 msec with conduction 
distance of 12 cm It is important, there- 
fore, to make corrections for differential 
afferent conduction velocities when com- 


parmg the time relationships of group I 
and II reflexes, the correction value of course mcreasmg as the afferent limb 
of the reflexes is increased in length 

The reflex discharges evoked by stimulation of group I and group II 
afferent fibers, and as recorded from a ventral root are qmte different (21) 
Figure 6 shows such refiex discharges, both severally and m combmation 
Record A of Fig 6 shows the group I reflex on stimulatmg the gastrocnemius 
nerves Records B, D, F, H, illustrate the group II reflex similarly recorded 
m isolation, and resultmg from stimulation of the sural nerve There is ran- 
dom variation m the response from one observation to another In records 
C, E, G, I the two reflexes are combmed by synchronous stimulation of the 
gastrocnemius and sural nerves The conduction distances are equal Agam, 
there is variation from one observation to another, but there is apparently 


no systematic change to suggest that the transmission of the gastrocnemius 
(i e , extensor) two-neuron-arc discharge has bad any definite effect, one way 
or the other, on the succeedmg discharges The reflex evoked by sural nerve 
stimulation is directed mto flexor channels (43) It is an important consider- 
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In spite of the known antagonism between the reflex arcs to the several 
heads of a muscle, and the fact that this antagonism is exerted when the 
interactmg voUeys arrive at the motoneurons in concert, the action cannot 
contnbute significantly to the absence of two-neuron-arc discharges from 
one head to another withm a muscle (Fig. 4B, C, E, F) or from one nerve to 
another (Fig 4H, I, K, L, 7, 8, 9, 10, 11) for the depressant action of anti- 
dromic voUeys is not great for the two-neuron-arc reflex at the tune relation- 
ships which obtam m the present experiments, i e (virtually simultaneous 
combmation of the afferent and antidromic voUeys at the spmal cord) 

From the experiments described it is possible to conclude that the 
afferent hmb for the mediation of two-neuron-arc reflex discharge consists 
of the large, low threshold group I afferent fibers ansmg m muscle {cf also 
21), and that the two-neuron-arc discharge reflects only mto the muscle 
group of muscles or head of a muscle, the afferent fibers of which are stim- 
ulated Of course it is reasonable that, on the occasion of further sub- 
division of a muscle nerve twig, a stage might be reached, perhaps fortuitously, 
m which two-neuron-arc discharges could be obtamed by stimulation of 
one subdivision while recordmg from another. The endeavor to achieve this 
state of subdivision has not been pursued 

One cannot escape the identity of distribution that obtains between the 
two-neuron-arc reflex discharge and the myotatic reflex (18) In effect the 
two-neuron-arc connections appear to constitute the pathway for mediation 
of the myotatic reflex The relatively S 3 mchronous discharge evoked m this 
pathway by smgle shock stimulation would then mutate the phasic response 
to stretch (i e , the tendon-jerk) m its most bnef, and possibly unattainable 
(cf 12, 24) form Further duect evidence for this position is to be found m 
another paper (24) 

A comparison of group I and group II reflex effect While the local reflex 
effect attendmg stimulation of group I fibers is confined to two-neuron-arc 
pathways, the reflex discharge following stimulation of a cutaneous nerve 
or of the medium threshold fibers (cutaneous for the most part) of a mixed 
nerve, has all the attnbutes of the multmeuron-arc discharge as encountered 
in the segmental reflex (21) Furthermore, the distnbution of the reflex 
evoked by stimulation of the cutaneous afferent fibers is qmte different 
from that of the group I reflex 

In Fig 5 are compared the effects of stunulatmg group I and group II 
fibers, as recorded from the dorsum of the spinal cord after the manner of 
Gasser and Graham (13) and of Hughes and Gasser (16) Figure 5A char- 
actenzes the events on stimulation of the nerve to the medial head of the 
gastrocnemius muscle, the appropriate ventral roots bemg severed Re- 
corded with the same electrode positions, Fig 5B illustrates the events on 
stimulation of the sural (external saphenous) nerve Fig 5C shows the 
recorded result of combined stunulation of the two nerves The conduction 
distance from the stimulating electrodes to the spmal cord was so arranged as 
to be equal in the tvo ner\’es Study of Fig 5 reveals that the group I 
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wiU be seen on comparing Fig 5 and 6 that the group I reflex transmitted m 
its entirety is not accompamed by activation of the intemuncial elements 
contributing to the cord potential (13, 16) On the contrary, the group II 
afferent fibers when stimulated yield intense activity among the mtemeurons 
of the dorsal regions of the spinal cord, which in turn causes the diffuse de- 
layed discharges charactenzing the group II reflex Figures 7, 8, 9, 10, 11, 12 
reveal that the group II multineuron-arc discharges are distnbuted over- 
whelmingly to the flexor musculature, as would be expected from the early 
observations of Shernngton (43) These facts provide ample confirmation 
for the association, developed by Hughes and Gasser (16), between the cord 
potentials and the flexor reflex 

The distribution of group JI and group III reflexes The peroneal nerve, 
considered as a 'motor’ nerve, is distributed in the mam to muscles of physi- 
ological flexion (43) In contrast, the tibial nerve contains motor fibers distrib- 
uted to postenor tibial and plantar muscles, muscles of physiological ex- 
tension As an approximation these nerves may be considered as flexor and 
extensor nerves respectively, and m practice, no essential distmction, in 
terms of recorded reflex discharges, has been found between the parent 
trunk of the peroneal nerve and its constituent branch to the tibiahs antenor 
muscle on the one hand, or between the parent trunk of the tibial nerve and 
its constituent branches to the gastrocnemius muscle on the other hand 
With these considerations m mind, the distribution of activity engendered 
by stimulation of group II and group III afferent fibers has been exaimned 

Separation of the group II and group III fibers, the latter compnsmg 
essentially the delta fibers, depends pnmanly upon the strength of stimu- 
lation Figure 7 illustrates the reflex responses recorded from the peroneal 



Fig 7 A, B, C, D — stimulation of sural nerve A, B — stimulation at group II strength 
C, D — stimulation at group III strength Recording leads on peroneal nerve E blank 
sweep F, G, H, I — stimulation of gastroc nerves recording leads to peroneal nerve F 
stimulation at group II strength — no reflex G, H, I — stimulation at group III strength 
group III reflex 
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ation that the extensor two-neuron-arc reflex and the flexor multmeuron-arc 
reflex evoked hy a smgle synchronous stimulation are virtually independent, 
for this combmation wfll occur on stimulation of a mixed nerve such as the tibi- 
al nerve even though only the flexor discharges are recorded, as when the re- 
cordmg leads are directed to the peroneal nerve (cf Fig 9) With combmed 
stimulation, the two-neuron arc discharge is unhindered for, traveUmg m af- 
ferent fibers of the highest velocity, it finds the spmal cord m the ‘resting’ 
state 

Observations made from the dorsum of the spmal cord (Fig 5) and from 
a ventral root (Fig 6) under similar circumstances mvite comparison It 
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wiU be seen on comparmg Fig 5 and 6 that the group I reflex transmitted m 
its entirety is not accompanied by activation of the intemuncial elements 
contnbutmg to the cord potential (13, 16) On the contrary, the group II 
afferent fibers when stimulated yield intense activity among the mtemeurons 
of the dorsal regions of the spmal cord, which m turn causes the difiuse de- 
layed discharges charactenzmg the group II reflex Figures 7, 8, 9, 10, 11, 12 
reveal that the group II multmeuron-arc discharges are distnbuted over- 
whelmingly to the flexor musculature, as would be expected from the early 
observations of Shernngton (43) These facts provide ample confirmation 
for the association, developed by Hughes and Gasser (16), between the cord 
potentials and the flexor reflex 

The distribution of group II and group III reflexes The peroneal nerve, 
considered as a ’motor’ nerve, is distributed m the mam to muscles of physi- 
ological flexion (43) In contrast, the tibial nerve contams motor fibers distnb- 
uted to posterior tibial and plantar muscles, muscles of physiological ex- 
tension As an approximation these nerves may be considered as flexor and 
extensor nerves respectively, and m practice, no essential distmction, m 
terms of recorded reflex discharges, has been found between the parent 
trunk of the peroneal nerve and ite constituent branch to the tibiahs antenor 
muscle on the one hand, or between the parent tnmk of the tibial nerve and 
its constituent branches to the gastrocnemius muscle on the other hand 
With these considerations m rmnd, the distnbution of activity engendered 
by stimulation of group II and group III afferent fibers has been exammed 

Separation of the group II and group III fibers, the latter compnsmg 
essentially the delta fibers, depends primarily upon the strength of stimu- 
lation Figure 7 illustrates the reflex responses recorded from the peroneal 
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Fig 7 A, B, C, D — stimulation of sural nerve A, B — stimulation at group II strength 
C, D — stimulation at group III strength Recordmg leads on peroneal nerve E 
sweep F, G, H, I — stimulation of gastroc nerves recordmg leads to peroneal nerve F 
stimulation at group II strength — no reflex G, H, I- — stimulation at group III strength 
group III reflex 
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nerve as the result of stimulating the sural nerve (A to D) and the gastroc- 
nemius nerve (F to I) Record E shows the electncal base Ime m the absence 
of specific stimulation The strength of stimulation wiU be referred to as 
weak (group II) or strong (group III) 

Weak stimulation of the sural nerve (7 A, B) results m a reflex discharge 
mto the peroneal nerve with a total latency approximating 6 msec With 
strong stimulation, this discharge groupmg is present as before, but added 
thereto is another discharge grouping (7C, D) The latency of the sec- 
ond discharge (group III reflex) cannot be estimated with certamty, but 
approximates 11 msec The situation is only shghtly different when the 
gastrocnenuus nerve is employed for afferent stimulation, for weak stimula- 
tion does not always result m any reflex discharge mto the peroneal nerve 
(Fig 7F) On strong stimulation of the gastrocnemius nerves, group III 
reflexes regularly appear m the peroneal nerve (7G, H, I) with the same time 
relationship as they exhibit on sural nerve stimulation (compare 7G, H, I 
with 7C, D) It wiU be remembered that flexor reflexes resultmg from stimu- 
lation of the gastrocnemius nerves has been descnbed by Sherrmgton (43) 
and Eccles and Sherrmgton (9) Presumably those reflexes frequently be- 
longed to group III of the present classification The not infrequent absence 
of group II reflex discharge on strmulatmg the gastrocnemius nerves is re- 
lated to the poverty of medium sized afferent fibers (8, 29), but certainly 
there are sufficient to develop a subliminal field of exatation among the cen- 
tral neuron pools, and upon occasion to provoke a reflex discharge (cf 21, 
Fig 5A) 

When the tibial nerve (less its branches to the gastrocnemius muscle) 
18 substituted for the peroneal nerve to serve as an efferent reflex hmb, httle 
or no discharge attends stimulation of either sural or gastrocneimuB nerves 
Typically there is no reflex pathway from the gastrocnenuus nerves to the 
(remamder of the) tibial nerve (Fig 4H, I, Fig 8B, C) A shght discharge 
may be found in the tibial nerve when stunulatmg the sural nerve, it is not 
increased apparently by strong stimulation (compare Fig 8D, E). This last 
discharge is difficult to interpret, it might represent 'residual ipsilateral ex- 
tension’ or speciahzed reflex activity directed to the small muscles of the foot 
through the plantar divisions of the tibial nerve Smce the residual ipsilateral 
extension reflex is usually a rebound following prelimmary inhibition (4, p 
81, Fig 43), this seems at the moment an unlikely explanation, for the la- 
tency would then be much greater 

Since the experiments of Fig. 7 and 8 are performed with the dorsal and 
ventral root systems of the spinal cord mtact, antidromic volleys m the 
motoneurons ensue whenever a muscle nerve is utilized for 'afferent’ stim- 
ulation The untov,ard effects of the antidromic volleys probably need not 
be considered when the antidromically activated motoneurons and the 
reflexly tested motoneurons belong one to the peroneal nucleus, the other to 
the tibial nucleus (32), but as between the dixnsions of the tibial nerve care 
must be exercised in forming conclusions It has been showm above that the 
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antidromic voUey would not senously impede two-neuron-arc discharges 
coursmg simultaneously through neighhormg motoneurons, but this relative 
immumty need not extend to the group II and group III reflexes, for with 
their greater central latency they might find the motoneurons well advanced 
m the Course of depression brought on by the antidromic volley m the 
neighhormg motoneurons The fact that httle reflex effect is secured m the 
tibial nerve on stimulatmg the purely afferent sural nerve is a partial control, 
for m this case no antidromic volley is evoked Furthermore, the number of 
group II fibers m the gastrocnemius nerves is small, makmg it unhkely that 
a substantial group II reflex would be found m the tibial nerve if a way were 
devised to avoid the antidromic volley Fmally the result of stimulation of 
cutaneous nerves on extensor muscles (eg, the vasti, crureus, senumem- 



Fic 8 A, B, C — records obtained from the tibial nerve (less its constituent branches 
to the gastrocnemius muscle) A — blank sweep B, C — group II and group III strength 
stimulation respectively D, E — stimulation of the sural nerve at group II and group III 
strength respectively Note sbght discharge in D and E 

branosus, anterior part of the biceps femons, soieus, gastrocnemius) is in- 
hibition (43) rather than excitation (cf also Fig 12A, B, C) There is reason 
to beheve, however, that a group II or group III reflex would be realized 
among extensor motor nerves if the extensor inhibitory component of the 
flexor response evoked by stimulation of the plantar nerves were obviated 
by the use of natural stimulation (cf discussion on the extensor thrust 
reflex m connection with Table 2) 

The shortest reflex pathway from one peripheral nerve to another The most 
powerful reflex discharges transmitted from one hmd hmb nerve to another 
are those to be recorded m the peroneal nerve, or a smtable branch thereof, 
foUowmg stimulation of the tibial nerve Because of this fact the tibial nerve 
to peroneal nerve reflex has been chosen as the system m which to examme 
the simplest reflex hnk from one nerve to another The simplest li nk from one 
nerve to itself is the two-neuron-arc pathway In order to establish a time 
reference by which to gauge the minimum central delay of the tibial nerve to 
peroneal nerve reflex, the group I reflex from the tibial nerve back mto itself 
has been exammed Stimulation and recording leads are arranged so that 
the conduction distance for the two reflexes is comparable Figure 9 illus- 
trates an experiment performed after this manner In observations A and 
G of Fig 9 are shown the reflex mto the tibisJ nerve on stimulation of that 
nerve (compare with Fig 3) The latency of the two-neuron-arc reflex is 
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nerve as the result of stimiilatmg the aiural nerve (A to D) and the gastroc- 
nennus nerve (F to I) Record E shows the electncal base hne m the absence 
of specific stimulation The strength of stimulation will be referred to as 
weak (group II) or strong (group III) 

Weak stimidation of the sural nerve (7 A, B) results m a reflex discharge 
mto the peroneal nerve with a total latency approximatmg 6 msec With 
strong stimulation, this discharge groupmg is present as before, but added 
thereto is another discharge grouping (7C, D). The latency of the sec- 
ond discharge (group HI reflex) cannot be estimated with certainty, but 
approximates 11 msec The situation is only shghtly different when the 
gastrocnermus nerve is employed for afferent stimulation, for weak stimula- 
tion does not always result m any reflex discharge mto the peroneal nerve 
(Fig 7F) On strong stimulation of the gastrocnemius nerves, group HI 
reflexes regularly appear m the peroneal nerve (7G, H, I) with the same tune 
relationship as they exhibit on sural nerve stimulation (compare 7G, H, I 
with 7C, D) It wiU be remembered that flexor reflexes resultmg from stimu- 
lation of the gastrocnemius nerves has been described by Sherrmgton (43) 
and Eccles and Sherrmgton (9) Presumably those reflexes frequently be- 
longed to group III of the present classification The not infrequent absence 
of group II reflex discharge on stimulating the gastrocnemius nerves is re- 
lated to the poverty of medium sixed afferent fibers (8, 29), but certainly 
there are suffiaent to develop a subhimnal field of excitation among the cen- 
tral neuron pools, and upon occasion to provoke a reflex discharge (cf. 21, 
Fig 5A) 

When the tibial nerve (less its branches to the gastrocnemius muscle) 
IB substituted for the peroneal nerve to serve as an efferent reflex hmb, httle 
or no discharge attends stimulation of either sural or gastrocnermus nerves 
TVpically there is no reflex pathway from the gastrocnemius nerves to the 
(remainder of the) tibial nerve (Fig 4H, I, Fig 8B, C) A slight discharge 
may be found m the tibial nerve when stunulatmg the sural nerve, it is not 
increased apparently by strong stimulation (compare Fig 8D, E) This last 
discharge is difficult to interpret, it imght represent 'residual ipsilateral ex- 
tension’ or speciahzed reflex activity directed to the small muscles of the foot 
through the plantar divisions of the tibial nerve Smce the residual ipsilateral 
extension reflex is usually a rebound foUowmg prehmmary inhibition (4, p 
81, Fig 43), this seems at the moment an unhkely explanation, for the la- 
tency would then be much greater 

Since the e\-penments of Fig 7 and 8 are performed with the dorsal and 
ventral root systems of the spinal cord mtact, antidromic volleys in the 
motoneurons ensue whenever a muscle nerve is utilized for 'afferent’ stim- 
ulation The untoward effects of the antidromic volleys probably need not 
be considered when the antidromically activated motoneurons and the 
reflexly tested motoneurons belong one to the peroneal nucleus, the other to 
the tibial nucleus (32), but as between the divisions of the tibial nerve care 
must be exercised in forming conclusions It has been shown above that the 
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Fig 9 Reflex discharges on stimulation of the tibiol nerve A, G — the group I reflex 
recorded on the tihial nerve as m Fig 3 B, H — onset of group II reflex recorded on the pe- 
roneal nerve In D, F, J, L the reflex into the peroneal nerve is facilitated by an antecedent 
shock to the tihial nerve, the reflex response to which is seen in C, E, I, K Comparison of 
the latency of the facihtated reflex m the peroneal nerve with that of the reflex in the tibial 
nerve indicates that the minimum central pathway between the tibial nerve and the pero- 
neal nerve contains an intemeuron m senes 
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flpproxunately 3 8 msec Observations B and H illustrate the onset of reflex 
discharge into the peroneal nerve on stimulation of the tibial nerve The 
latency of the first action is approximately 5 3 msec , i e , 1 5 msec longer 
than that to be expected on transmission through two-neuron-arc pathways 
It 18 obvious that the reflex discharge resultmg from a smgle stimulation 
need not necessarily be transmitted through the shortest available pathway 
{cf 10) Accordmgly the discharge through the tibial nerve to peroneal 
nerve pathway ha« been ex amin ed under conditions of repeated stimulation 
calculated to yield the greatest facihtation of the response to the second of 
two successive shocks A stimulation mteiwal of 3 0 msec was found to be 
most effective In Fig 9C,-F and I-L, the responses to smgle and double 
stimulation are presented m alternation, the smgle responses bemg those 
to the first of the two shocks to the tibial nerve By this plan one may judge 
the approximate electrical base Ime upon which is written the facihtated re- 
sponses to the second shock A promment peak appears m records D, F, J, L 
with a latency of 4 9 msec as measured from the time of the second shock 
Comparison of the facihtated responses D, F, J, L with the control responses 
B and H shows that the latency of the reflex into the peroneal nerve is re- 
duced hy 0 4 msec due to the action of the antecedent stimulation On the 
other hand comparison of records D, F, J, L with records A and G shows 
that the latency of the reflex mto the peroneal nerve, m spite of powerful 
facihtation, is 1 1 msec longer than that of the two-neuron-arc reflex back 
mto the tibial nerve 

The latency differential between the two reflexes under consideration is 
not all referable to difference m central latency, for the reflex m the tibial 
nerve results from stimulation of group I afferent fibers, while the reflex m 
the peroneal nerve results from stimulation of group II afferent fibers The 
proper correction for the differential zifferent conduction under the conditions 
of the experiment illustrated m Fig 9 amounts to 0 6 msec , or a httle less 
{cf also Fig 5) Then, with allowance of 0 5 msec for the slower afferent 
conduction of the reflex mto the peroneal nerve, there remains a latency dif- 
ferential of 0 6 msec between the two reflexes, all of which is attnbutable 
to excess central latency Smce this value is appropriate for the delay oc- 
casioned by a smgle synaptic relay (27), it appears that the minimum reflex 
pathway from the tibial nerve to the peroneal nerve contains one more 
neuron in senes than does the reflex pathway back mto the tibial nerve, and 
IS, therefore, a three-neuron-arc pathway Smce the reflex pathway from the 
tibial nerve to the peroneal nerve contains all the paths pertammg to the 
classical reflex of the ankle flexor as studied by Eccles and Shemngton (10), 
it follows that the minimum pathway for this flexor reflex proper is one of 
three neurons 

Group 7 and group II reflex discharges into flexor nerves Although the 
shortest pathway mediating the flexor reflex proper is one of three neurons 
(Fig 9), the motoneurons of flexor muscles are supphed directly by primary 
afferent fibers and under the appropnate experimental conditions, two- 
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leads on the nerve to the tibiaha antenor muscle approximates 38 cm , or 
7 cm longer than the total reflex pathway obtammg m the experiment il- 
lustrated m Pig 3 The additional latency (0 6 msec ) of reflex lOD, H over 
that of reflex 3A is only sufficient to account for conduction through the ad- 
ditional 7 cm length of pathway at a velocity of 117 M/sec Agam, the 
records lOD, H were obtained by the use of shocks submaximal for the 
group I fibers of the peroneal nerve This is shown by the fact that the group 
I reflex is decreased on mcreasmg the strength of stimulation, due to the in- 
crease in the antidrormc volley, and consequent extension of central refrac- 
tonness (compare H with I m Fig 10) Also, with the mcrease m strength of 
the peroneal nerve shock, group II reflex discharges appear m the nerve to the 
tibiahs antenor muscle 

The peroneal nerve is a mixed nerve The low threshold reflex appearing 
m the nerve to the tibiahs antenor muscle on stimulation of the peroneal 
nerve does so by virtue of the stimulation of afferent fibers ansmg in the 
tibiahs antenor muscle, for, stimulation of the peroneal nerve after segrega- 
tion of the tibiahs antenor nerve results only m delayed discharges into the 
latter (cf Table 1) Conversely the late discharges seen in record I of Fig 
10 must be due largely, but not exclusively, to the stimulation of cutaneous 
afferent fibers reaching the peroneal nerve trunk through its superficial 
branch Thus the imtial discharge mto the tibiahs antenor muscle, on 
stunulatmg the parent peroneal trunk has the latency, threshold, and dis- 
tribution features to be expected of a group I reflex In this connection it will 
be noted that Shernngton (38), Asayama (1) and Denny-Brown (5) have 
descnbed the tendon-jerk, or 'pluck’ reflex in flexor muscles, and that Forbes 
Campbell and Wilhams (11) and Matthews (28) have demonstrated afferent 
responses to stretch of flexor muscles Smce the two-neuron-arc reflex does 
not appear m the pathway of the flexor reflex, there is ample reason to regard 
the two-neuron-arc connections of flexor muscles as devoted to the mediation 
of the tendon-jerk or 'pluck' reflex exhibited by those muscles 

In connection with Fig 9 and 10 it has been seen that the latency of the 
group II reflex discharges is shortened by antecedent stimulation, as would 
be expected from the experiments of Eccles and Shernngton (10) In the 
absence of antecedent stimulation discharges through the three-neuron-arc 
pathway of the group II flexor reflex are almost (Fig 9B, H) or qmte absent 
(Fig 4M, 7, 10) i e , subhnunal, when the afferent stimulation is apphed to 
a penpheral nerve, even though this stimulation be powerful. But, just as 
flexor reflex activity is shunted mto the shorter available paths by facihta- 
tion (Fig 9, 10), so IS it similarly advanced by shiftmg the site of afferent 
stimulation from a penpheral nerve to a dorsal root 

Figure 11 presents an experiment m which are compared the reflex dis- 
charges mto the deep peron^ nerve by stimulation of the tibial nerve, the 
SI dorsal root and the L7 dorsal root The deep peroneal nerve supphes the 
tibiahs antenor, extensor longus digitorum and extensor brevis digitorum, all 
three of which respond m the great flexion reflex (43) It is a convement nerve 



307 


TRANSMISSION OF HIND LIMB REFLEXES 

neuron-arc reflex discharges may be demonstrated m flexor nerves The ex- 
perimental conditions are those by which similar discharges may be re- 
corded m the extensor paths (Fig 1, 3, 9) 

Figure 10 illustrates the reflex discharges to be found m the nerve to the 
tibialis anterior muscle on stimulation of the tibial nerve and the peroneal 



Fig 10 Reflex discharges into the nerve to the tibialis anterior muscle (ankle flexor) 
A,E — submaximal group II reflex evoked by stimulation of tibial nerve C, G — maximal 
group II reflex evoked by stimulation of the tibial nerve B, F — facilitated reflex by com- 
bined stimulation of the tibial nerve D, H — group I reflex evoked by stimulation of the 
parent trunk of the peroneal nerve at approximately half maximal group I strength I — ■ 
when the peroneal nerve shock is increased the group I reflex volley is diminished by the 
consequently greater antidromic volley and group II (and group III) reflex discharges ap- 
pear dc novo 

nerve (the latter bemg the parent trunk for the nerve to the Lbiahs antenor 
muscle) Observations A, C, E, G show the reflex discharges resultmg from 
smgle shock stimulation of the tibial nerve, the shock bemg stronger for C 
and G than for A and E Observations B and F present the result of combined 
stimulation of the tibial nerve, the stronger shock preceded at an mterval of 
approximately 3 0 msec by the weaker shock Comparison of B and F mth 
C and G show’s that the latency of the response to the second tibial nerve 
shock 18 shortened by 0 8 msec to a value of 5 8 msec In contrast, stimula- 
tion of the parent trunk of the peroneal nerv’e results in a group I ftwo- 
ncuron-nrc) reflex into the nerve to the tibiahs antenor muscle (Fig lOD, H) 
The latency for this group I reflex is 4 6 msec The reflex pathway from the 
stimulating electrodes through the spinal cord and back to the recording 
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and SI ventral root was proved by the recordmg of directly conducted alpha 
spike potentials between the nerve and the roots Disregarding the two- 
neuron-arc discharge m C and D for the moment, for this represents reflex 
activity ansmg from the deep peroneal nerve rather than the tibial nerve, 
the latency of the next discharge m order is 4 4-4 6 msec , encompassing 
some shght vanation from one observation to another On advancmg the 
site of stimulation from the tibial nerve to the dorsal root, therefore, the 
latency of the flexor reflex proper is reduced from 7 msec to approximately 
4 5 msec Some fraction of this latency dififerential is referable to the shorten- 
mg of the afferent hmb of the reflex Smce the tibial nerve contams group I 
fibers m addition to the group II fibers mediatmg the reflex m question, the 
exact allowance for afferent conduction caimot be measured Assummg that 
as much as 1 7 msec afferent conduction time is mvolved (this would repre- 
sent 12 cm conduction at 70 M /sec ) there is still a shortemng of central 
latency amountmg to 0 8 msec , which occurs by virtue of 'slapping a 
synapse’ (26) 

The most promment discharge peak in C and D of Fig 11 has a latency 
of 5 6 msec , which is shorter than that of the imtial discharge m A and B 
only by the eqmvalent tune for conduction from the tibial nerve to the SI 
dorsal root It would seem that this peak in C and D represents the same 
'order’ of reflex discharge as the uutial discharge in A and B, but it has gained 
greatly m potency 

The effect of advanang the site of stimulation from the peripheral nerve 
to the dorsal root, then, is an mtensification of the discharge through the 
shorter available paths at the expense of discharge through the longer paths, 
m addition to the simple shortemng of latency due to shortemng the afferent 
hmb of the reflex pathway It seems probable that a decrease m central 
latency brought about m this maimer accounts for the apparent long af- 
ferent conduction tune and correspondmgly short minimum central reflex 
tune calculated for the flexor reflex by Eccles and Sherrmgton (10), for they 
measured the afferent tune by the difference m reflex latency when stunulat- 
mg the tibial (pophteal) nerve and the SI (8th post-thoracic) dorsal root 

On the conditioning of two-neuron-arc reflexes Accordmg to the evidence 
of the present experiments, the segmental reflex discharge is constituted 
of two-neuron-arc discharge directed m varymg ratio, dependmg upon the 
segment employed and other considerations, to muscles of flexor and extensor 
action, together with multmeuron-arc discharges almost exclusively duected 
to muscles of physiological flexion, irrespective of the segment employed 
Some of the vagaries of conditiomng experiments m which segmental two- 
neuron-arc reflex discharges are employed as test volleys are undoubtedly 
due to the dual nature of those discharges It is frequently found, on causing 
a two-neuron-arc voUey to fall durmg the multmeuron-arc discharge m re- 
sponse to an antecedent shock, that the two-neuron-arc volley is subjected 
simultaneously to temporal facihtation and spatial inhibition The explana- 
tion for this anomalous behavior becomes clear when the components of the 
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atructxire for the recording of flexor activity As a preface to the considera- 
tion of Fig 11, one should bear in m i nd the differences between the L7 and 
SI spinal segments m relation to the three muscles served through the deep 
peroneal nerve The L7 segment regularly supphes the muscles mentioned 
(35, 10) The SI segment may contribute a small twig to the peroneal nerve 
when the arrangement of the plexus is of the postfixed type One would ex- 



Fig 11 Reflex discharges into the deep peroneal nerve (supplying MM tibialis ante- 
rior, extensores longus et brevis digitorum) A, B — reflex dischi-ge on stunulation of the 
tibial nerve, C, D — reflex discharges on stimulation of the Si dorsal root E — reflex dis- 
charge on stimulation of the L7 dorsal root Note synapse skipping’ and concentration of 
activity through shorter reflex chains when stimulation is adianced from peripheral nerve 
to dorsal root, also threshold two-neuron-arc discharge when stimulating Si dorsal root 
compared with powerful tvso-neuron-arc discharge when stimulating L7 dorsal root 

pect to find, therefore, httle (postfixed preparation) or no (prefixed prepara- 
tion) two-neuron-arc reflex discharge from the Si dorsal root to the deep 
peroneal nerve, but a not inconsiderable two-neuron-arc discharge from the 
L7 dorsal root to the deep peroneal nerve 

Figure HA and B illustrates the reflex discharge recorded from the deep 
peroneal nerve on stimulating the tibial nerve The latency of this discharge 
IS approximately 7 msec Observations C and D illustrate the reflex discharge 
similarly recorded, on stimulating the Si dorsal root As might be expected 
there is a small, but quite regular two-neuron-arc discharge appearmg after 
a latency of 3 2 msec (compare C and D with E, obtained by stunulation of 
the L7 dorsal root, and which contains a powerful two-neuron-arc discharge) 
The arrangement of the plexus in this preparation was postfixed, and direct 
fiber connection between the deep peroneal nerve and both the Si dorsal root 
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Similar results can be obtained when stunulatmg dorsal roots while seg- 
regatmg the extensor and flexor components on the motor side {cf also 33), 
but the method here illustrated seems preferable m theory for the mput 
to the spmal cord is restncted so that only the flexor or the extensor tes^g 
two-neuron-arc discharges are ebcited, dependmg upon choice On the con- 
trary, when segregation is effected on the motor side, stimulation of dorsal 
roots wiU cause activation of both flexor and extensor two-neuron-arcs m 
parallel, and although only one or the other is recorded, the way is open for 
undesirable mteraction, and the possibihty of confusion phenomena withm 
the testmg system remams 

The dassificahon of ipsilateral hind limb reflexes Throughout most of the 
present paper the reflex discharges described have been classified according 
to the arbitrary groups outhned m the mtroduction, but certam obvious 
correlations with hmd hmb reflexes as they are known on the basis of motor 
performance have emerged Table 2 forms a summary of these correlations 
and of the foregomg experiments 

Table 2 The classification of ipsilateral hind limb reflexes 


Group 

Appromnate 
afierent 
fiber range 

Central 

connections 

Origin 

Destination 

Type of reflex 

I 

20-12^1 

Direct, or 
two-neuron- 
arc refiexes 

(a) extensor 
muscles 

The extensor 
muscle from 
which it 

Myotatic reflex 
(the tendon-jerk) 





arises 





(b) flexor 
muscles 

The flexor 
muscle from 
which it 

Flexor tendon- 
jerk (the pluck 
reflex) 





arises 


II 

12-Gn 

Multineuron- 
arc reflexes 
Three-neuron- 

(a) skm 

flexor 

muscles 

The flexion reflex 



arc minimum 


extensor 

muscles 

(sbght) 

Residual 
ipsilateral 
extension ? 




(b) muscle 
(sbght) 

flexor 

muscles 

The flenon reflex 

III 

6-ln 

Multmeuron- 
arc reflexes 

(a) skin 

flexor 

muscles 

'Delta’ flexion 
reflex 



7 Tmnimiim 

(b) muscle 

flexor 

muscles 

'Delta’ flexion 
reflex 

IV 

uninyeknated 




(.cf 3, 2) 


(C) fibers 
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segmental reflex are segregated as m the experiment presented m Fig 12 
The extensor two-neuron-arc component is obtamed by stimulating the 
nerves to the gastrocnemius muscle, the flexor two-neuron-arc component by 
stimulatmg the deep peroneal nerve, and the multmeuron-arc component by 
stimulating the sural nerve Records are obtamed from the L7 or Si ventral 
root 

Record A of Fig 12 shows the extensor two-neuron-arc reflex recorded 
from the Si ventral root foUowmg stimulation of the gastrocnemius nerves 



Fig 12 Conditioning of extensor two-neuron-arc and flexor two-neuron-arc reflexes 
by stimulation of a cutaneous nerve (sural) A, B, C recorded from the SI ■ventral root A — 
gastroc ners es stimulated B — sural nerve stunulated C — combined stimulation of sural 
and gastroc nerve at interval of 8 5 msec The gastroc two-neuron-arc is inhibited, D, E, 
F — recorded from the L7 ventral root D — deep pieroneal nerve stimulated — note two- 
neuron-arc and later discharges E — sural nerve stimulated F — combined stimulation of 
sural nerve and deep peroneal nerve The two-neuron-arc reflex is facihtated both spatially 
and temporally by the action of the sural nerve volley 

Record B shows the multmeiuron-arc discharge resultmg from stimulation 
of the sural nerve On combimng these two stimulations (record C) at an 
interval of 8 5 msec the extensor two-neuron-arc reflex is inhibited, al- 
though few if any extensor motoneurons could have discharged m the earher 
reflex Record D illustrates the response recorded from the L7 ventral root 
on stimulation of the deep peroneal nerve The tw’o-neuron-arc discharge is 
here followed after an interval by multmeuron-arc discharges Record E 
shows the response evoked by stimulation of the sural nerve In record F, 
sural and deep peroneal nerv'e stimulation are combmed as were the sural and 
gastrocnemius nerv'c stimulations in 12C In this case, however, the flexor 
two-neuron-arc discharge is facilitated, both temporally and spatially 
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that through flexor two-neuron-arcs facihtated by the transmission of multi- 
neuron-arc reflex action 
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It will be seen at once that the outstanding omission from Table 2 is the 
ipsilateral reflex of extension known as the extensor thrust (40) This reflex 
IS ehcited hy pressure or 'deep touch’ on the planta (37, 39), whereas nocuous 
stimulation of the same area ehats flexion of the hmh The plantar nerves are 
essential to the transmission of the extensor thrust reflex (39), and hence 
mediate the afferent hmh of this reflex Yet stimulation of these nerves them- 
selves yields flexion (42), accompamed hy relaxation of extensors The ex- 
tensor reflex is presumably inhibited by the concomitant and prepotent flexor 
reflex The extensor thrust seems, therefore, not to be a group I reflex, for 
with simultaneous combination a group I reflex would outstnp the flexion 
reflex and thereby escape inhibition One would expect the extensor thrust to 
belong m group II Undoubtedly more prominent group II discharges to 
extensor muscles would be found m the fore hmb, in which the s tim ulation 
of digital nerves promotes ipsilateral extension (6) Considerations such as 
these mvoke agam the problem to which there is stall no decisive answer 
it IS not yet known to what extent fractionation of spmal centers is de- 
tenmned hy anatomical limitation of neuron connections, or to what extent 
it IS attamed primarily by functional means, with direct inhibition possibly 
playmg a dommant role 

Summary 

The reflex function withm the hmd hmb of myehnated afferent fibers has 
been exammed Three sub-groups of these fibers are recognizable The large 
fibers form direct connections with the motoneurons, the medium and small 
fibers connect with mtemeurons 

Reflex discharge mediated through the direct (two-neuron-arc) connec- 
tions reflects only mto the muscle, head of a muscle, or combmation of 
muscles, the large afferent fibers of which are subjected to stimulation Be- 
cause of the identity of distribution holdmg for tbe two-neuron-arc discharge 
and the myotatic reflex, it is concluded that the two-neuron-arc pathways are 
reserved for mediation of the myotatic reflex 

Multmeuron-arc discharges, evoked by stimulation of medium and small 
afferent fibers, are directed for the most part mto the nerves of flexor mus- 
cles, and represent the flexor reflex proper. The minimum central pathway 
devoted to this reflex is one of three neurons 

Under appropnate conditions the flexor muscles receive excitation 
through arcs of two neurons as well as through the multmeuron reflex arcs 
The conditions are exactly those govemmg the transmission of two-neuron- 
arc excitation to extensor muscles It is concluded that the flexor two-neuron- 
arc reflex represents the flexor tendon-jerk, or 'pluck’ reflex m contradistmc- 
tion to the flexor reflex proper 

The segmental reflex discharge recorded from a ventral root on stunula- 
tion of the dorsal root of the same segment contains three major elements, 
an extensor tv o-neuron-arc, a flnxor two-neuron-arc and flexor multmeuron- 
nrc discharges Reflex activity through extensor two-neuron-arcs is inhibited 
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of stretch-movement The time relations of the movement were recorded by 
the use of a photoelectnc ceU Although the mechamsm is not as flexible as 
one might desire, it behaved m a constant manner for any given settmg of 
the controls, and served the immediate purpose of producmg a brief stretch 
sjmchromzed with the sweep of the cathode ray oscillograph 

The gastrocnemius muscle was employed for all the present observations 
The tendon together with its insertion into the tuberosity of the calcaneus 
was fully isolated and freed from the msertion of the soleus muscle Extensive 
denervation of the hmb was regularly practised Smce the ventral roots were 
cut for the purpose of recording the reflex responses, the muscle itself was un- 
able to participate m the reflex response This arrangement is particularly 
useful, for the jerk reflex proper is divorced from all secondary phenomena 
such as the response to active tension, the myotatic appendage and mapient 
clonus 

Figure 1 illustrates stretch-evoked afferent discharges recorded from the 
nerve to the medial head of the gastrocnemius muscle Records A, C, E show, 
by photoelectnc recordmg, the extent and duration of the stretch-movement 
imparted to the gastrocnemius tendon to provoke the afferent discharges re- 
corded m B, D, F respectively The afferent discharge IB is caused by a 
stretch of 1 mm effected m 4 0 msec It will be seen that the recognizable 



Fig 1 Afferent responses to brief stretch of M gastrocnemius recorded from the 
nerve to the medial head of that muscle In A, C, E are recorded the extent and duration 
of the stretches employed to obtam the responses B, D, F respectively The extent of 
stretch mdicated m A is 1 mm , m C, 0 3 mm , in E, 0 05 mm Most of the observations 
illustrated m this paper were obtamed by the use of 0 2-0 3 mm stretches Time m 1 and 6 
msec mtervals 
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In the preceding paper (14) it was found that the reflex discharge provoked 
by stimulation of the large (20-12;i), low-threshold muscle afferent fibers, 
and transmitted through arcs of two neurons (12) possesses the characteristic 
and restncted distnbution of the myotatic reflex (9) The identity of distribu- 
tion was so rigidly mamtamed that it seemed justifiable to attribute to the 
two-neuion-arc pathways the mediation of myotatic reflexes The concept, 
of course, is not new (8), but the older evidence m support of the concept 
lost weight with the advent of more precise measurements of the delay in- 
volved m synaptic transmission Furthermore, one is constantly aware of the 
danger inherent m drawmg conclusions as to natural reflex performance from 
experiments utihzmg electrical stimulation of bare nerve trunks Therefore, 
the conclusion denved from such experiments could be sustamed and ac- 

f 

VIZ , stretch, were found, on remvestigation, to have the same characteris- 
tics of conduction and synaptic transmission as the two-neuron-arc reflex dis- 
charge obtamed by stimulation of muscle nerves The present experiments 
were designed to examine the temporal course of the reflex response to phasic 
stretch Some of the observations were mentioned bnefly m a prehimnary 
note (13) 

The experiments were performed on cats made spinal by transection ac- 
comphshed through the atlanto-occipital membrane FoUowmg transection 
artificial respiration was mstituted and the ether anaesthetic discontmued 
The pelvis was fixed by heavy pins, the femur and tibia by drills These were 
held by heavy standards wluch were firmly attached to the operatmg plat- 
form, of two-inch oak, supported by three-inch I-beams on a sand-filled oak 
table Satisfactory fixation of the muscle ongins was thus obtamed The 
stretchmg mechanism was similarly mounted on another sand-filled table 
The use of two such tables separated by an air gap prevented the direct trans- 
mission of mechamcal jar to the preparation A hooked steel wire impahng 
the tendon of the gastrocnemius muscle served to connect it to the stretch 
mechanism, which consisted of a plunger operated by two solenoids arranged 
m opposition to each other The solenoids were acti%mted by condenser dis- 
charges timed by the usual stimulating circuit One solenoid was arranged to 
pull, through the steel wire, on the freed tendon of the muscle The other 
served to check the first so that the extent and duration of the stretch could 
be limited In order to overcome inertia, the solenoid plunger was allowed to 
gam its momentum before acting upon the ware affixed to the tendon A 
break contact on this ware fed an impulse to the amphfier to signal the onset 
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beU and Wilbams (4), although Jolly’s earher measurements mdicated the 
existence of a true end-organ delay (7) 

Figure 2 presents an experiment designed to measure the conduction ve- 
loaty of the afferent fibers mediatmg the response to stretch The afferent 
discharge was first recorded from the first sacral (Si) dorsal root, severed 
from its connection with the spmal cord, and subsequently from the tibial 

nerve m the pophteal space 
The conduction distance be- 
tween the proximal (to the 
muscle) recordmg leads of the 
two pairs was 12 cm The dif- 
ference m latency of conduc- 
tion is 1 025 msec , which 
3 aelds a conduction rate of 117 
M per sec 

In the graph of Fig 3 are 
plotted the results of five ex- 
periments such as that illus- 
trated in Fig 2 Each pomt on 
the graph represents an expen- 
ment, and relates the latency 
difference between the dis- 
charge recorded at two pomts 
along the afferent pathway to 
the conduction length of the 
pathway between the two re- 

Fig 2 Conduction of stretch-evoked affer- wording Stetions The observa- 
ent response A — afferent response recorded tions at short conduction dlS- 
from tibial nerve, B — from SI dorsal root Con- tances were made With hoth 
duction distance — 12 cm Differential latency — , , . „ „ ,1,. 

1 026 msec Conduction rate-llV M per^ recordmg stations on the tibial 
Time — 10,000 cycles nerve, or on one or both of 

the nerves to the gastroc- 
nemius muscle Those observations at long conduction distances were made 
with one of the electrode pairs on the dorsal root In two experiments the 
conduction velocity of a volley evoked by electrical stimulation of the m- 
tramuscular branches of the nerve to the medial head of the gastrocnenuus 
muscle was determmed m addition All of the observations from the various 
preparations fall about a straight-hne plot havmg a slope of 116 M per sec 
It follows that fibers mediatmg the afferent response to stretch fall among 
those of highest velocity m the muscle nerve Withm the limits of measure- 
ment the secondary peaks of the afferent discharge evoked by stretch repre- 
sent activity m fibers of similar properties (cf Fig 2 ) Thus, one cntenon 
for the identification of the myotatic reflex pathway with the two-neuron-arc 
pathway is satisfied 

Comparison of the afferent discharges encountered in the present expen- 
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discharge occurs during the penod of stretch-movement, and takes the form 
of a succession of imperfectly synchronized volleys When the stretch is 
reduced to approximately 0 3 mm effected m 1 7 msec , the afferent dis- 
charge, ID, IS correspondingly reduced m duration The last two discharge 
peaks present m IB are no longer realized, and the second peak is reduced 
m amphtude The mitial discharge peak, however, is mtact Further reduc- 
tion of the stretch to approximately 0 05 nun causes a further reduction m 
the afferent response, IF, only the initial discharge remaining, this is de- 
creased and further 'splintered ’ The degree of stretch employed for re- 
sponse IF IS stdl well above threshold It will be remembered that Denny- 
Brown and Liddell (3) obtamed a jerk reflex m the decerebrate supraspmatus 
muscle with a stretch of approximately 8/i 

In the records illustrated m Fig 1 there is a degree of diphasidty which 
results m emphasis of the relatively synchronous discharges of stretch- 
movement over the asynchronous activity apparently mamtamed through- 
out the penod of muscle elongation The latter discharges are seen to better 
advantage in Fig 5B and 6B 

The latency of the afferent discharge as recorded m Fig 1 approximates 
0 7 msec , of which a considerable fraction is consumed m simple conduction 
A number of attempts to obtam a vahd estimate of 'end-organ delay’ have 
been made In a typical experiment the afferent response to stretch is first 
recorded Then, with stimulatmg electrodes buned m the heart of the muscle 
belly, the preterminal nerve bundles are stimulated, the conducted action 
being recorded as before The latency of the naturally evoked volley is longer 
than that of the electncaUy stimulated volley by as little as 0 2-0 3 msec 
The electncally stimulated volley is conducted, of course, m both afferent and 
motor fibers, but this fact has no practical bearmg on the outcome of the 
experiment for as will be seen m connection with Fig 2 and 3, the afferent 
impulses provoked by sudden stretch travel m the forefront of the action 
potential of the mixed nerve Values obtamed by this method must be maxi- 
mal rather than minimal values, for error due to possible spread of the stimu- 
lus or improper placement of the stimulatmg electrodes would decrease the 
apparent conduction tune for the electncally stimulated volley, and by 
subtraction this would increase the apparent latency of the stretch response 
Some fraction of the 'excess latency’ of the stretch-evoked response is 
needed for transmission of the tension wave from the free end of the tendon 
to the site of the first-responding receptors, wherever that may be Another 
small fraction of tune must be allocated for conduction from the pomt at 
which the end-organ excites the afferent fiber to the point at which the elec- 
tncal stimulus excites the fiber VTiat httle time is left probably may be 
accounted for in terms of a 'temps utile ’ Altogether the evidence appears to 
militate against the view that a speafic end-organ delay is mvolved m the 
stimulation by stretch of the particular end-organs mediatmg the imtial 
afferent response In essence, this is the conclusion reached by Forbes, Camp- 
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proximate the latency m 4C .which it does to withui 0 1-0 2 msec The shght 
additional latency of the naturally evoked reflex is referable to the greater 
dispersion of the afferent volley caused by long afferent conduction and nat- 
ural stimulation The mitial reflex discharge m response to stretch, then, is 
transmitted through arcs of two neurons 

The uutial volley of the stretch-evoked reflex is followed at an interval of 
approximately 0 8 msec by a second reflex volley, which is much larger than 

the first The second volley hke the 



first IS transrmtted through arcs of two 
neurons Figure 5A, B, C illustrate m 
order the time relations of stretch, the 
afferent response recorded from the 
gastrocnemius nerves, and the reflex 
response recorded from the SI ventral 
root m another preparation The la- 
tency of the imtial reflex volley is 
approximately 3 9 msec , that of the 
second reflex volley 0 8 msec longer 
Smce there are two clearly defined suc- 
cessive afferent discharges impmgmg 
upon the spmal cord (5B), one would 
expect to reahze two reflex volleys 
Fiirthermore, the mterval between the 
two reflex volleys is equal to or very 
shghtly less than the mterval between 
the two afferent volleys (compare 5B 
and 6C) This bemg so the central 
delay of the second reflex volley is of 


Fig 4 Reflex latency of the response same order of magmtude as that of 
to brief stretch A — afferent response re- the first reflex VOlIey 
corded from the SI dorsal root B— seg- qThe latency differential between 

mental two-neuron-arc reflex (stimulus SI . , . _ ■r.r.+ 

dorsal root, recording Si ventral root) *^6 tWO successive reflex VoUeyS IS not 

C — reflex evoked by stretch The sum of sufficiently long tO admit the poSSlbll- 
the latencies m A and B approximates that jfy that the seCOnd reflex VoUey IS 

of C, showing that the imtial reflex re- i j 4.1, 1, +1 

sponse to stretch is conducted through evoked through three-neuron-arc path- 

arcs of two neurons Inset — the complete ways by the action of the afferent 
reflex response m this experiment consists impulses Set up at the very beguuung 
of three successive voUeys for A, B, ^ ^ three-neuron-arc reflex 

intervals discharge results from the stimulation 

not of group I fibers, but of group II 
fibers (13) When the two groups of fibers are stimulated m the thigh, the 
group II volley reaches the spmal cord 0 4 msec after the group I volley, 
the conduction distance bemg 12 cm (14, Fig 5) The pathway from the 


mid-beUy of the gastrocnennus muscle to the spmal cord is 18-20 cm m 
length Assummg that group II fibers were to partiapate m the first afferent 
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ments with those recorded by Matthews using single fiber preparations (15) 
suggests that the relatively s 3 mchromzed volleys of stretch-movement have 
their origin m the A type receptors, by virtue of low threshold, rapid response 
and sudden cessation This would mdicate that the muscle spmdles are the 
sensient organs onginatmg these discharges 

The succession of aiferent discharge peaks may represent the successive 
recrmtment of end-organs to the active 'pool,’ or the repetitive discharge of 
end-organs recruited at the onset of 
stretch movement In the latter case 
the rate of firmg would approach 
1000/sec , if the discharge peaks rep- 
resent the rate, and not a multiple of 
the rate, of the mdividual end-organ 
discharges This figure seems high, but 
the nerve fibers are capable of re- 
spondmg at such rates, for a short 
time at least (6) Employmg the smgle 
fiber techmque, the highest discharge 
rate observed by Matthews (15) was 
500/8ec dunng a stretch of 5 mm at 
the rate of 25 cm /sec The highest 
rate of stretch attained m the present 
experiments was approximatdy 35 
cm /sec over a shorter distance, so it 
18 possible that a higher rate of firmg 
was induced Since the stretch-move- 
ment usually lasted 2-3 msec some 
repetitive discharge certainly would 
have occurred, but successive recrmt- 
ment IS not thereby ehmmated 

In order to exaimne the central la- 
tency of the reflex response to stretch 
the following procedure was adopted The reflex was first recorded from the 
Si ventral root This appears in the mset of Fig 4 and again m 4C Only the 
initial volley is to be seen in Fig 4C The SI dorsal root was then stimulated 
at a shock strength which yields a two-neuron-arc reflex discharge of ap- 
proximately the same size as the mitial stretch-evoked reflex volley A record 
of the segmental two-neuron-arc reflex volley is found m 4B The dorsal root 
was then severed at its junction with the spmal cord and eqmpped with re- 
cording leads The proximal (to the muscle) recording lead was placed as 
close as possible to the point occupied by the cathode of the stunulatmg pair 
employed to obtain record 4B With this disposition of leads the afferent re- 
sponse to the stretch was recorded, this is found in 4A Now, if the initial 
volley of the stretch-evoked reflex is indeed transmitted through arcs of two 
neurons as predicted (14), the sum of the latencies m 4A and 4B should ap- 



Fig 3 Graph to show average con- 
duction rate of afferent response to stretch 
in five erpenments Each point represents 
the difference in latency of the afferent 
response recorded at two points along the 
afferent pathway (as in Fig 2) plotted 
against the conduction distance between 
the two points For two of the expenments 
the conduction rate for an electrically 
stimulated volley is plotted Average 
maximum conduction rate — 116 M per sec 
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an experiment m which this occurred Records A, B, C show in order the 
stretch imposed upon the gastrocnemius muscle, the afferent response re- 
corded from the Si dorsal root, and the reflex response recorded from the Si 
ventral root Although the afferent response is dispersed over a penod equal 
to that of the stretch, and contams two promment discharge peala, the reflex 
consists of a smgle volley, no more dispersed than is the response obtamed 
by smgle shock stimulation of the gastrocnemius nerves (12, 14) The latency 
for this reflex is approximately 4 9 msec , which is almost identical to the 
latencies of the second reflex discharges m Fig 4 and 5 The time relationship 
between the second afferent discharge peak (6B) and the reflex (6C), more- 
over, accords with the conclusion that the second afferent volley is the im- 
mediate provocative agent for the reflex recorded 

Comment 

For the duration of stretch impulses are continually bombardmg the 
motor nucleus at an mtensity greater than that mamtamed durmg the 
'restmg posture’ of the muscle Signalhng the onset of stretch-movement, and 
for the duration of stretch-movement, regularly spaced S3mchroiiized afferent 
volleys appear, as though superimposed on a contmuum of activity The 
first of these afferent volleys may (Fig 4, 6) or may not (Fig 6) provoke a 
discharge of motoneurons By the time the second afferent voUey reaches the 
motor nucleus conditions have changed Dependmg upon the mitial reflex 
discharge a few motoneurons may be refractory, but the greater part of the 
motor nucleus is more excitable than formerly by virtue of the contmued 
impact of afferent activity Motoneurons are more readily available to the 
second afferent volley and a large reflex volley results The central latency of 
this volley may be even a httle shorter than that of the mitial reflex volley 
(temporal facihtation) Subsequent afferent impulses usually fail to reach 
motoneuron threshold, due possibly to the number of motoneurons already 
fired by the immediately precedmg volleys The end result is a reflex dis- 
charge of shorter total duration than that of the afferent influx One must 
bear m mmd the possibflity that some of the afferent impulses may mediate 
direct inhibition (10) rather than excitation to the motor nucleus thus shut- 
tmg off rather than aidmg the reflex, or they may serve to feed ascendmg 
pato without concern for the local reflex mechanism Undoubtedly the re- 
flex picture would be different if the stretched muscle were allowed to par- 
ticipate m the reflex action, as was necessarily the case m earher work on the 
tendon jerk which depended largely upon either the action potential of the 
muscle or upon mechamcal registration for a means of recordmg 

The present experiments associate the large (group I) afferent fibers and 
two-neuron-arc connections with the mediation of the myotatic reflex It is 
not known whether or not the smaller afferent fibers m the gastrocnemius 
nerves partake m the afferent response to stretch of the degree imposed m 
the present experiments With greater extension of the muscle other than the 
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response to stretch, the resulting group II voUey would reach the cord dorsum 
at least 0 6 msec after the group I volley. To this must be addded another 
0 6 msec for the additional synaptic relay of a three-neuron-arc, to give a 
TmmtTtnTn of 1 2 msec by which the second reflex volley should trail the mitial 
reflex volley This Tmmmnm value is considerably longer than the observed 
mterval of 0 8 msec 

The discharges mediated through arcs of three neurons are directed mto 
flexor channels (14) It is known from the experiments of Denny-Brown (2) 
that activity may appear m the tabiahs anterior muscle as the result of sud- 
den stretch of the gastrocnemius 
muscle, but it does so durmg the heart 
of the silent period of the extensor 
muscles Accordmg to Denny-Brown 
the latency for activity m the tibiahs 
antenor muscle averaged 22 7 msec 
compared with 8 6 msec for the la- 
tency of the tendon-]erk reflex m the 
gastrocnemius muscle itself The sec- 
ond reflex discharge m the present ex- 
periments, and the third when it is 
present (mset of Fig 4), is obviously 
part of the tendon-jerk reflex proper, 
rather than a contnbution to flexor ac- 
tivity assoaated with the silent penod 
of the extensor muscles In addition to 
these considerations there is the fact 
that the gastrocnemius nerves con- 
tam relatively few group II fibers 
Group II reflexes of any order are not 
r^ularly produced by stanulafacn of the 
gastrocnemius nerves (14) For these 
vanous reasons it is concluded that the 
second reflex volley m response to bnef 
stretch, hke the mitial volley, is con- 
ducted through arcs of two neurons 

When the stretch produced by the pulhng solenoid used in these ex-pen- 
ments is unchecked by the opposmg solenoid, it may happen that a third 
reflex volley, of small size, is discharged (c/ mset of Fig 4) This reflex volley 
occurs later rather than earher than the hypothetical three-neuron-arc tune 
discussed above, but the other arguments advanced m favor of the view that 
the second reflex discharge pertains to arcs of two neurons hold also for the 
third reflex volley when this is in eiudence 

The initial afferent volley of the stretch response may prove subhmmal 
for the motoneurons, in which case the reflex volley provoked by the second 
afferent volley may constitute the whole reflex response Figure 6 presents 



Fig 5 Tendon-jerk reflex of M gas- 
trocnemius A — stretch imposed upon the 
gastrocnemius muscle B — afferent re- 
sponse recorded from the gastrocnemius 
nerv es m the thigh C — reflex response re- 
corded from Sl\ entral root Time m 1 and 
5 msec intervals 
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SUTHMARY 

The afferent response to bnef stretch of the gastrocnemius muscle is 
mediated by large (group I) fibers at an average maximum velocity of 116 M 
per sec 

There is httle if any true delay at the sensient organs respondmg to 
stretch 

The reflex response to brief stretch of the gastrocnemius muscle is trans- 
mitted through arcs of two neurons 

It was previously shown (14) that the distnbution of two-neuron-arc 
discharges accords with that of the myotatic reflex For these several reasons 
it appears that the two-neuron-arc pathways are reserved for the mediation 
of myotatic reflexes 

The calculated overall minimum latency for the tendon jerk reflex of the 
gastrocneimus muscle is approximately 5 95 msec 
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large afferent fibers might be recruited into the response, possibly brmgmg 
into play the lengthening reaction Of course afferent responses which depend 
upon active tension would not appear at all m these experiments Smce 
stimulation of some, at any rate, of the smaller fibers of the gastrocnemius 
nerve 3 aelds reflex discharges directed mto flexor nerves (14, Fig 7), it is a 
fan- assumption that those fibers subserve nociception rather than proprio- 
ception Certainly no responses resembhng the group III reflex obtained by 
strong stimulation of the gastrocnemius nerves (14, Fig 7) have been reahzed 
on the occasion of brief stretch m the present experiments 


The latency of the stretch-evoked 
reflex at the ventral root m the experi- 
ments of this senes has vaned between 
3 6 and 3 9 msec In order to estimate 
the rmnimum total reflex latency for 
the tendon-jerk of the gastrocnemius 
muscle it IS necessary to add to the la- 
tency at the ventral root suflBcient 
time for conduction to the muscle and 
for neuromuscular delay The addi- 
tional motor conduction tune is ap- 
proximately 1 8 msec neuromuscuW 
delay is approximately 0 55 msec (11) 
The rmnim um total latency from the 
onset of stretch to the onset of the 
muscle action potential at the end plate 
zone would approximate 5 95 msec 
This IS somewhat shorter than the 
value 8 6 msec obtamed by Denny- 
Brown (2) Smce this value is based on 
the known transmission time through 
the minimum reflex arc, it is not ex- 
pected that the minimum reflex time 
for the tendon-jerk can be further re- 
duced, except masmuch as some 
muscles are closer, anatomically speak- 
ing, to the spmal cord, and would m- 
volve less time in simple conduction 
Other latency values for the most part 
have been obtained from the knee-jerk 
preparation rather than the ankle-jerk 
preparation (8, 5, 1, 2) The conduc- 
tion pathway for the knee-jerk is 



Fig 6 Tendon-jerk reflex as in Fig 5, 
but in another preparation A — stretch 
imposed upon the gastrocnemius muscle 
B — afierent response recorded from the Si 
dorsal root C— reflex response recorded 
from the SI \ entral root The single reflex 
■volley corresponds to the second reflex 
volley in the experiment of Fig 5 The 
initial afferent v olley is subhminal for the 
motoneurons Time in 1 and 5 msec inter- 
vals 


shorter and that reflex should appear with shorter latency The shortest 
latency encountered by Jolly was 5 3 msec (8) 
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Results 

1 AChin normal cortex Macintosh (10) in a thorough analysis for ACh 
m the central and penpheral nervous systems of the cat and dog prepared 
his animals by mjecting chloralose or chloralose-urethane and esenne 
Extracts of tissues were made with trichloracetic acid In order to deterrmne 
the most satisfactory methods to employ m the experimental studies a num- 
ber of procedures were tned on normal rats to test the eCFects of anaesthesia, 
mjection of eserme, and different methods of extraction Nembutal anaes- 
thesia, with and without eserme, was tried, and three extraction procedures 
were tested 

(a) Dialysis Rats were mjected subcutaneously with 0 1 gram of nem- 
butal After deep anaesthesia the cortex was removed, weighed, and ground 
with sdica m unbuffered frog heart Rmger (6 6 g NaCl, 0 14 g KCl, 0 12 g 
CaCh, HjO to 1 1 ) plus eserme (physostigmme) sulphate 1 10,000 The 
volume was adjusted to 1 cc for each 100 mg of tissue This was dialysed m 
a cellophane sac agamst an equal volume of unbuffered Rmger for 2 hours 
at 15°C The fluid outside the sac was diluted with bicarbonate Rmger and 
assayed on the frog heart Assay of the cortex from six rats gave an average 
value of 1 lly ACh/gram of wet tissue A similar procedure was repeated on 
four rats except that they received 1 cc of 1 5000 eserme sulphate sub- 
cutaneously This produced charactenstic sabvation and muscular tremors 
Upon assay an average value of 1 35^ ACh/gram of cortex was obtamed 

By usmg the Venus heart, which is apparently unaffected by substances 
other than ACh m tissue suspensions, at the great dilutions employed, it was 
possible to assay for ACh m the contents of the sac as weU as m the sur- 
rounding flmd A higher value of ACh was always foimd mside the sac even 
after several hours of dialysis This suggested that some sjmthesis nught be 
taking place durmg dialysis, or that some ACh was bound to large molecules 
which did not dialyze out, hence this method was considered unsatisfactory 
for the tjrpe of experiments to be done later 

(b) Trichloracetic acid extraction Cortical tissue from five rats was ex- 
tracted with 10 per cent trichloracetic acid after the method of Chang and 
Gaddum (1) Assays were made on both the frog heart and the Venus heart 
Those on the former were not always satisfactory, probably due to occasional 
mcomplete removal of all traces of acid and ether which have a deletenous 
effect on the frog heart The greater sensitivity of the Venus heart allowed 
greater dilution, and assays on this preparation gave an average value of 
1 67 ACh/gram of cortex This may be considered a fair estimate of the 
total ACh m the rat cortex 

(c) Cold-Ringer extraction It was beheved that the free* ACh of the 
cortex rmght be more labile than the bound and might mcrease or decrease 
m amount when there was no measureable change m total ACh Hence a 

* In the present discussion the "free ACh” may be defined as that part of the total 
ACh which IS readily eitractible in water m the presence of adequate amounts of esenne 
or prostigmine, but without employing a protein denaturant 
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Introduction 


The importance of oxygen and glucose m the 83 mthesis of acetylcholine 
(ACh) by brain sbces has been demonstrated by Quastel, Tennenbaum and 
Wheatley (15) and by Mann, Tennenbaum and Quastel (11, 12). The in 
VIVO synthesis of ACh by the superior cervical ganghon of the cat has also 
been shown to depend on an adequate supply of oxygen and glucose (7). 
However, attempts to demonstrate a change m the ACh level of the bram 
as a result of anoxia or hypoglycemia have thus far faded (9, 3). The present 
paper is an account of experiments which demonstrate, with reasonable 
certamty, that low atmosphenc pressure (probably actmg through anoxia), 
and insulm hypoglycemia, cause a decrease m the level of ACh m the 
cerebral cortex of the rat 

METHODS 


Rats of the Sprague-Dawley albmo stxam were used These ranged m weight from 
110 to 300 g but the majority weighed between 200 and 250 g Anona was produced by 
subjecting rats to low atmosphenc pressure The chamber was evacuated m steps of 60 or 
100 mm Hg with pauses of 10 mmutes between successive lowenngs At a stage when 
respuatoiy movements had just ceased (between 100 and 200 mm Hg) the pressure was 
quickly returned to normal, the rat decapitated, and the cortex removed for extraction 
Hypoglycemia was produced by fastmg rats 16 to 22 hours, always indudmg one mght, 
then injecting insulm mtramuscularly Some were allowed to survive 30 mmutes after the 
injection, some were sacrificed m convulsions and others m coma All experiments were 
terminated by decapitation 

Three methods of extracting the ACh were tned The tnchloracetic acid method of 
Chang and Gaddum (1) and a dialysis method after Lissdk (8) were not found entirely 
satisfactory for reasons to be given later A rapid, cold-Rmger method was developed which 
extracted the free ACh and this was used in the majority of the experiments Three meth- 
ods of assay were also tried the leech muscle preparation, the isolated, esermized frog 
heart (Straub preparation), and the isolated heart of the mollusc Venus mercenana t The 
leech muscle preparation was discarded as too slow and insensitive In one senes of eipen- 
ments (Summer senes) all extracts were tested simultaneously on the frog heart and^e 
Venus heart by different persons In the Fall senes assays were made on only the frog 
heart, and by a thud person Each extract was matched several times with knovra concen 
tmtions of ACh The stock solution of acetylcholme chlonde was made un m 6 tier cent 
NnH,PO„ se^^ in ampoules heated to boiling for 5 mmutes and stored m the ^eer 
ator Stock ACh prepared in th« manner undergoes about 10 per cent loss of activntv m 
one year All values for tt^ue ACh obtained m this investigation are expressed m ter^ “f 
an equivalent weight of the free base and not of the chlonde Further details of ni^dure 
will lie given ns the separate expenments are considered proceuure 

• With the technical asststance of Sibyl Beckett. Jane E Hyde and Todd C 
t Aided by a grant from the Milton Fund of Harvard UniviWitv ^ Smith- 

t Details of the method of assaynng tissue extracts for APK i, 

heart (ba.sed on findings of Prosser, 14). waU be desenbed in a sepaLte puWi^tio^ ' 
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Table 1 Acetylcholine levels of cerebral cortex of rats under conditions of low atmospheric 
pressure A Total ACh by trichloracetic acid extraction B Free ACh by 
cold-Einger extraction Summer Series C Free ACh by 
cold-Ringer extraction Fall Series 




Assays on Venus Heart 

Assays 

on Frog Heart 

No of 
amtoaLs 

Condition 

1 

Range 

Average 

SE 

Range 

Average 

SE 

A 5 1 

Normal 

AGhv/gm 
09-28 1 

ACh7/gm 1 
1 6 1 

0 32 

ACh 7 /gm 

0 25-1 0 

AChy/gm 
0 46 

0 15 

5 

low pressure 

0 4-2 0 

1 1 ! 

0 29 


0 28 

0 13 

B 9 

Normal 

0 12-0 60 

0 36 

0 057 

0 13-0 40 

0 26 

0 04 

8 

low pressure 

0 10-0 28 

0 17 

0 023 

0 10-0 25 

0 15 

0 02 


Normal 


1 

1 

' 0 20-0 75 

0 35 

0 10 


low pressure 

— 

— 

— 

0 13-0 45 

0 23 

0 09 


A statistical analysis of the data of Table 1 shows that only in senes B 
are the differences in the mean ACh values of normal and experimental rats 
significant, accordmg to the usual method of determinmg significance Both 
sets of assays give differences between the means which are more than 
twice the standard error of the difference 

In senes A and C, which contain too few determinations for statistical an- 
alysis, m only two instances were the ACh values of the cortex of low pres- 
sure-treated rats the same as those of the normals tested on the same assay 
preparation In one of these (rats 31 and 32, Table 2) the same extracte 
when tested on the Venus heart yielded a lower value for the cortex of the 
experimental rat To illustrate this pomt the data of senes A Table 1 are 
shown m Table 2 

There is httle doubt that much of the apparent variation m ACh content 
of a given normal tissue which we, and others, have observed is due to the 
vanabihty of the assay preparations When cortical tissues of two or more 
normal rats are extracted and assayed on the same test preparation the 
values obtamed are much more uniform than when the same extracts are 


Table 2 Individual values for total ACh, {Senes A — Table I ) 


Assays on Venus Heart 


Assajrs on 

Frog Heart 


Normal 

Low Pressure 

Normal 

Low Pressure 

Rat 

ACh^/gm 

Rat 

ACh^/gm 

Rat 

AChv/gm 

Rat AGhv/gm 

19 

2 8 

18 

2 0 

19 

1 00 

16 

0 80 

24 

1 6 

25 

1 3 

24 

0 50 

25 

0 10 

27 

1 4 

28 

0 7 

27 

0 25 

28 

0 12 

29 

0 9 

30 

0 4 

29 

0 30 

30 

0 15 

32 

1 2 

31 

1 0 

32 

0 26 

31 

0 25 

av 16 

av 11 

av 0 46 

av 

0 28 
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quick method was evolved to extract the free fraction The removed cortex 
was placed m 2 cc of ice cold, unbuffered frog heart Rmger with esenne 
1 10,000, weighed, ground with sihca m a chilled mortar and the volume 
adjusted to 1 cc for each 100 mg of cortex The suspension was mixed well 
and centrifuged at high speed for 5 or 10 rmnutes It was found that the 
length of time that the tissue suspension was mixed and allowed to stand 
before centnfugmg affected the yield, hence for a given senes this penod 
was kept as constant as possible After centnfugmg, the supernatant flmd 
was poured off and stored at near 0°C until just before assaymg, when it 
was diluted with bicarbonate Rmger, or sea water, dependmg on which 
heart preparation was to be used With this procedure extracts were ready 
for assay withm 20 to 30 mmutes from the begmnmg of removal of the 
cortex 

Three rats under nembutal anaesthesia 5aelded an average value of 0 33 
y free ACh per g of cortex when assayed on the frog heart and 0 43 7 when 
assayed on the Venus heart Lower values for a given extract were consist- 
ently ohtamed with the frog heart due to the presence of small amounts of 
excitatory substances These had no apparent effect on the Venus heart 

Seven normal rats decapitated with no previous treatment, gave an 
average value of 0 257 free ACh/gram of cortex when assayed on the frog 
heart and 0 867 when assayed on the Venus heart Comparmg this value 
obtamed on the Venus heart with that of the total ACh by the trichloracetic 
aad method (1 67) it is seen that the free ACh constitute about one fourth 
the total ACh of the rat cortex Mann, Tennenbaum and Quastel (11) found 
the free ACh m whole rat bram to be "less than 1 O7 /gram” and the total 
ACh to range from 1 0 to 2 Dy /gram 

In the account of experiments to follow, it should be noted that a control 
rat was nearly always run with each experimental rat and the two extracts 
assayed on the same heart preparations This avoided, to some extent, vari- 
ations resultmg from small differences m extraction procedure and assay, 
which mevitably resulted from havmg several persons partiapatmg m the 
experiments, thus makmg differences between experimental animals and 
controls obvious when a senes was not large enough to permit statistical 
analysis of the data 

2 Low atmospheric pressure and ACh level of cortex Three groups of rats 
without pretreatment were exposed mdividually for 1-2 hours to penodic 
decreases m atmosphenc pressure imtil respiratory movements ceased They 
were then decapitated and cortical tissue extracted and assayed for ACh A 
total of nmeteen rats were exposed to low pressure and twenty normal rats 
used as controls The results are summanzed m Table 1 It may be noted that 
the range of indmdual values for ACh in normal and low pressure rats 
overlap but m each group, and by both methods of extraction and assay, the 
average values for rats subjected to low pressure are loner than for a cor- 
responding number of normal rats The decrease in free or total ACh m the 
different groups and b} the different assa> s \ anes from 31 to 52 per cent 
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(average 2 3) Six rabbits given insulin gave values for hemispheres rangmg 
from 1 1-1 77ACh/gram (average 1 3) while values for bram stem ranged 
from 1 9-2 47 /gram (average 2 1) These authors hkewise concluded that 
there was no effect of insuhn h 3 rpoglycemia on the ACh level of the rabbit 
brain Nevertheless it was considered worthwhile to repeat such experiments 
on the rat, measurmg the free ACh rather than total ACh and usmg more 
sensitive test preparations than those employed by Macintosh and by 
CorteU et al 

Rats were fasted for 16 to 22 hours, always mcludmg one mght Some of 
these were used as controls, others mjected with insuhn (5 or more umts per 


Table 3 Free acetylcholine levels of cerebral cortex of rats under conditions of insulin hypo- 
glycemia A Summer Senes B Autumn Series 




Assays on Venus Heart 

Assays on Frog Heart 

No of I 
Animals 

j Condition 

j Range I 

1 j 

Average j 

Range j 

Average 

A 6 

Fasted only 

AChv/gm ! 
0 30-0 45 i 

AChv/gm 

0 34 

AChr/gm 

0 20-0 26 

ACh 7 /gin 

0 23 

5 

30 nun after 

0 10-0 16 1 

0 15 

0 06-0 15 

0 12 

7 

msukn 

convulsions i 

! 

0 05*0 20 

0 12 \ 

0 03-0 12 

0 09 

4 

coma 1 

0 14-0 20 

0 17 

0 10-0 20 

0 16 

B 10 

Fasted only 





0 20-1 0 

1 0 68 

7 

convulsions 

— 

— 

0 12-0 40 

0 28 

2 

coma 

— 

— 

0 40-0 60 

0 45 


kilogram) Two senes of experiments were performed mdependently by 
different persons In senes A some rats were kdled 30 mmutes after the 
mjection of insulin, some m convulsions and some m coma In senes B seven 
were kdled m convulsions, only two m coma Extraction was by the cold- 
Rmger method with esenne 

The results are given m Table 3 That there is a marked decrease m the 
level of free ACh m the rat cortex as a result of msuhn h 3 ^oglycemia is ap- 
parent The greatest decrease is seen m the rats kdled m convulsions In the 
few rats kdled m coma there is some apparent return toward normal levels 
but too few deternunations were made for this to be a final conclusion 

The relatively higher values for ACh m both controls and hypoglycemic 
rats m senes B compared with senes A was due to a difference m extraction 
procedure In B the tnturated cortical tissue was allowed to stand longer 
before centnfugmg than m A 

5 In vitro experiments Five rats were decapitated in insuhn convulsions 
and the cortex divided m approximately equal halves These were weighed 
and minced finely m sufficient phosphate-Locke solution (11) containmg 
esenne sulphate 1 10,000, to give 100 mg of cortex per cc Each lot was 
placed m a tube from winch the air could be evacuated and glucose was 
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assayed on different test preparations It was, for tins reason, that an ex- 
tract of the cortex of a normal rat was assayed with that of each experimental 
rat, on one or more test preparations, and when consistent differences were 
found they were considered significant 

3 Prostigmine treatment and low pressure If the effect of the low pres- 
sure m decreasmg the level of ACh m the rat cortex were due to the break- 
down of ACh by chohnesterase, m the normal functionmg of the bram, and 
failure to synthesize new ACh due to oxygen lack, it should be possible to 
prevent or reduce the loss by previous administration of an anti-chohn- 
esterase Smce prostigmme is one of the most effective of such agents it was 
employed to te^ this idea 

Pairs of rats were mjected subcutaneously with 0 1 or 0 2 cc of a 1 5000 
solution of prostigmme (Prostignun) brormde (Hoffinann-LaRoche)* The 
general reactions of the rats to this amount of prostigmme were comparable 
to those produced hy approximately five times as much esenne One rat was 
subjected to the same low pressure treatment as m section 2 above, the other 
used as a control Ten pairs of rats were so treated Extracts were made by 
the cold-Rmger method except that prostigmme was used as an anti- 
chohnesterase instead of esenne Assays were made on frog hearts only The 
ten control rats kept for 1-2 hours aJfter the mjection of prostigmme gave 
values for free ACh rangmg from 0 2 to 0 ly/gvam of cortex with an average 
value of 0 447 The rats receivmg prostigmme and the low pressure treat- 
ment 3rielded values rangmg from 0 2 to 0 15y ACh with an average value 
of 0 437/gram Such close agreement between the controls and the low 
pressure rats may be qmte accidental, nevertheless one would conclude 
that treatment with prostigmme does prevent the decrease m ACh found 
m rats subjected to low pressures without previous administration of this 
anti -chohnesterase 

Observations of the prostigminized rats while bemg subjected to low 
pressure failed to reveal any obvious mcreased tolerance to the low pressure 
when compared with rats without prostigmme To check this, a number of 
rats were subjected to low pressures repeatedly — one day without pro- 
stigmine and the followmg day with No constant differences m the behavior 
of the same individual rat could be observed 

4 Insulin hypoglycemia and ACh level of cortex Macintosh (9) detenmned 
the total ACh in whole brams of seven normal mice and obtamed values 
ranging from 1 5-2 67 ACh/gram Six mice killed in msuhn convulsions 
gave values rangmg from 1 5-1 87/gram However, he concluded that m- 
sulm hypoglycemia has no effect on the ACh level of the mouse bram Cortell, 
Feldman and Gellhom (3) performed similar experiments on rabbits, makmg 
assays on the esennized rectus abdommis muscle of the frog From eight 
normal rabbits they obtamed values for hemispheres rangmg from 1 0-2 O7/ 
gram (average 1 5), and for brain stem, values ranging from 2 0-2 ly /gram 

' Suppln>d throuph the kindness of HofTmann-LaRochc. Inc 
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suggests that the decrease m ACh resulting from anoxia or hypoglycemia is 
responsible for the decreased level of excitabihty of the cortex 

Summary 

1 Several methods of extraction and assay of free and total ACh m the 
cerebral cortex of the normal rat are compared 

2 Subjectmg rats to low atmosphenc pressure for 1 to 2 hours is shown 
to decrease the level of free or total ACh m the cortex by approximately one 
third to one half 

3 Administration of prostigmme before low pressure treatment pre- 
vents a decrease m free ACh m the cortex 

4 Insuhn hypoglycemia results m a greater decrease m free ACh than 
that produced by the low pressure treatment 

5 It 18 suggested that the dechne of free ACh may account for the de- 
crease m exatabihty of the cortex under conditions of anoxia and hjrpo- 
glycemia 
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added to give 0 02 M glucose One tube was evacuated and sealed, the other 
was left exposed to air Both lots were incubated at 37°C for 2 5 hours with 
occasional shaking At the end of this tune the contents were centrifuged and 
the clear centrifugate assayed on the frog heart Values for free ACh of the 
cortex incuhated with air excluded ranged from 0 1 to 0 2T/gram Corre- 
spondmg halves of the cortex mcubated in au gave values approximately 
ten tunes as great 

This agrees with the observations (11, 15) that synthesis of ACh m 
vitro IS an aerobic process and demonstrates that certam precautions must 
be observed m the measurement of ACh m tissues of anoxic animal s If, m 
the extraction process, tissues are allowed to remam at room temperature 
or higher, with au available, a considerable amount of synthesis of ACh 
may occur if substrates are present, thus restormg the level to a more or less 
normal amount It is beheved that by carrymg out the extraction in the 
shortest possible time and at a temperature near 0°C this is largely obviated 

Discussion 

From the above results it appears that low atmosphenc pressure (prob- 
ably actmg through anoxia) and msulm hypoglycenua produce a decrease 
m the level of ACh m the cerebral cortex of the rat While earher mvesti- 
gators (3, 9) concluded that there was no reduction m total ACh m the 
h 3 fpoglycemic or anoxic mouse or rabbit bram, an exammation of the data 
shows that them highest values for treated animals were, m no case, as large 
as normal values Therefore it may be concluded with reasonable certamty 
that glucose and oxygen are important m the in vivo synthesis of ACh as 
well as for in vitro S 3 mthesis as had been demonstrated by earher mvesti- 
gators 

The precise role of ACh m the bram is not known, however this findin g 
that the level of ACh is modified by low oxygen and low blood sugar helps 
m the imderstandmg of certam observations on electncal activity m the 
cortex It has been demonstrated (5, 6, 16 and others) that almost any pro- 
cedure which alters the supply of glucose to the central nervous system, or 
the oxidation of the glucose, alters the electncal picture m the bram In 
hypoglycemia there is a decrease m alpha waves and an appearance of large 
slow delta waves mdicatmg a loss of excitabihty At the time of convulsions 
the cortex is "silent” or nearly so (4) 

The opposite occurs when esenne or prostigmme (or ACh after one of 
these) IS applied to the cortex Miller, Stravraky and Woonton (13) apphed 
esenne to the rabbit cortex and noted the reduction m amphtude of slow 
waves and the appearance of small fast waves ACh after esenne m the 
rabbit and cat caused the disappearance of slow waves and the appearance 
of spikes of high amplitude and frequency Chatfield and Dempsey (2) 
applied ACh after prostigmme, to somesthetic, auditory and motor areas 
of the cat cortex and noted increased spontaneous activity and the appear- 
ance of S-lO/sec spikes foUoved by 20-30/sec lovs voltage potentials ^is 
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pophteal nerve where they enter the fleshy portion of the muscles helow the knee Some- 
times the whole sciatic stem was used 

The micro-electrode was of the t 3 rpe used in this laboratory (14) for work on the retma 
and consisted of a fine platmum wire insulated by glass It is pressed vertically against the 
dorsal roots not far firom the pomt where they enter the cord Some fibres are then found 
to be spontaneously active, others silent, some agam are mcited to activity by the pressure 
of the micro-electrode Spontaneous discharges may or may not be accelerated by the 
stimulus When relatively thm muscular branches are stimulated it is difficult to find an 
active fibre It is also easier to locate a diffuse discharge m response to stimulation than to 
succeed m isolatmg a smgle spike It is possible, m cases when a large spike suddenly turns 
up m perfect isolation, that it represents a certam amount of synchronized activity StiU, 
the discharges look and behave hke so-called single umts Their often less strict correspond- 
ence with the all-or-none law can be explained by the influence of the discharge m adjacent 
elements 

A time signal mterrupts the beam for mar long the stimulus Dependent upon what is 
bemg pictured this beam is mterrupted at a rate of 50 or 600 per sec 

Results 

All-or-none nature of response Only if several active fibres are lying under 
the electrode can the dorsal root reflex (16, 22), conducted centnfugaUy 
from the spinal cord, be a source of error However, the latent period of this 
discharge is much longer than that of the direct centnpetal volley But, when 
the micro-electrode is used, the chance of findmg a centnfugally conductmg 
fibre IS practically nil It is difficult to isolate a directly excited smgle spike 

In Rg 1 are illustrated the effects of a variation m (i) strength of stim- 
ulus at constant rate of nse and (u) length of plateau at constant strength 


Fig 1 Supenmposed pictures of sev- 
eral sweejis with the cathode ray Form 
and strength of stimulus on lower cathode 
ray Tune m 500 /sec From a to d stimulus 
mcreases m strength at constant rate of 
nse, a, threshold, b, 2 4 rheobases, c, 3 7 
rheobases, d, 5 0 rheobases From e to f 
lengthemng of duration of plateau at con- 
stant strength of the stimulus and con- 
stant rate of nse 


and rate of nse In both cases the same stimulus pattern was swept several 
times across the screen of the tube In none of the later pictures has this 
particular techmcal arrangement been used Figure 1 is reproduced to show 
the all-or-none manner m which impulses are added up to a rhythmic dis- 
charge With less perfect isolation the spikes dimmish when strength or 
gradient is diminished Both vanations, in strength from a to d, and m 
plateau length from e to h, show that spikes are added with such regulanty 
that the whole process can be swept across the tube several times without 
any other effect than a shght mcrease m width of the spikes, mdicatmg mm- 
or vanations of latent penod Our techmque is thus sufficiently discnm- 
mative for the purpose for which we mtend to use it 
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The technique for measuring accommodation directly m relation to the 
discharge of impulses, developed m this laboratory by Skoglund (21), makes 
it possible to correlate a number of properties of nervous activity with 
the accommodation curves The latter serve as reference pomt m the anal- 
ysis which also by this method is shiftmg emphasis from measurements 
of threshold variations to inspection of the discharge as such and measure- 
ments of Its properties A further improvement upon Skoglund’s work is m- 
troduced m this paper by the use of micro-electrodes, placed directly on the 
sensory roots m order to isolate smgle fibres m nerves electncally stim- 
ulated with hnearly nsmg currents This techmque is here used for the 
purpose of stud 3 nng the properties of the autorhythmic mechanism m sen- 
sory fibres of different accommodative resistance 

Bernhard, Gramt and Skoglund (6) proposed as a workmg hypothesis 
that the electrotomc potential, seen m spmal roots by Barron and Matthews 
(5) and studied m the optic nerve by Bernhard (7, 8, 9) serves as exatmg 
for the autorh 3 rthimc mechamsm m the nerve itself From this and alhed 
pomts of view we need more information about the properties of the rh 3 Th- 
nnc discharge caused by stimulation with slowly nsmg currents unitatmg 
possible generator potentials conducted electrotomcally from the axon 
hillock down the fibres 

TECHNIQUE AND PKOCEDDRE 

Stimulation The stimulating device, built by the physicist of this laboratory, Mr 
K T Helme, has been described m detail by Skoglund (21) The apparatus dehiers 
hnearly increasing currents of strictly controllable gradient and stren^h through the 
anode circuit of a valv e This stimulator is connected so as to shift the one beam of a double 
cathode ray m proportion to the rate of rise of the strmulatmg currents, the other beam 
being used for simultaneous records of the discharge m the ner\e through a condenser 
coupled amphfier (see the figures of this paper) Strength and gradient are independent 
vanables The stimulus was dmen up to a certain strength at a certain rate, then left at 
plateau height for some time, and finally allowed to drop back at a rate of fall corresponding 
to its rate of nse If the plateaus were bnef, the stimulator was operated iterati\ely by a 
sweep circuit With longer plateaus it was necessary to start the stimulator manually 
Plateaus from a few milliseconds to some 60 seconds were used 

Preparation The spinal cord of decerebrate cats was laid bare and the animals shghtly 
lifted up in the preparation box bj a speciallj'' designed clamp gnppmg firmly around one 
thoracic and one sacral spinous process and ngidly fixed to a hea^-j stand These precau- 
tions are neccssarj' for the sake of the micro-electrode Without a clamp on the \ertebrae 
thomsches each respiratorj' moiement is accompanied bj considerable excursions of the 
preparation under the electrode Fine adjustment of the latter was achieved with the aid 
of n micromanipulator \Vcll chlorinated sflver-silverchlonde electrodes were used for 
stimulation In order to difTercntiate between nerves from the cutaneous and the muscular 
end organs these electrodes were either placed on the saphenous nerv e or on twigs from the 
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Two phases of rhythmic discharge ''Silent period ” It has been pointed 
out previously (11, 21) that the rhythmic discharge can be divided into two 
phases, initial spikes of high frequency and a later prolonged discharge We 
have now an opportumty of finding out whether these phases occur m a 
smgle element or represent different fibres From this pomt of view Fig 3 is 
of particular interest The rate of rise is constant and the final strength of 
the current vanes from a to f Record g is from another experiment 



Fig 3 Muscular afferent Stim- 
uli nsmg from a to f at constant rate 
of nse to greater strength a, 1 4 
rheobases, b, 1 6, c, 2 0, d, 2 4, e, 3 2 
and f, 4 0 rheobases Record g from 
another experiment illustrates "si- 
lent period ” 


Fig 4 Muscular afferent Strength of stimulus 
mcreases from a to e (see text) The plateau fre- 
quencies are a, 0, b, 75, c, 140, d, 275 and e, 450 per 
sec These are counted after about 20 msec of 
stimulation Time m SO/sec 


The development of the imtial phase of the discharge is seen m the 
records a to d Continuation of the nsmg phase of the current is accompamed 
by the birth of new impulses In record d, however, there follows after a 
silent penod the first impulse of the later plateau-phase of the discharge 
StiU stronger stimuh, as m e and f, do not lead to a silent penod because 
the threshold for the plateau-phase is then reached dunng or just after the 
nsmg portion of the stimulus so that it becomes submerged mto the imtial 
phase With hnearly nsmg stimuh the occurrence of a silent penod between 
the two phases of the dis^arge is left to chance but it could, no doubt, be 
produced regularly if with our apparatus it were possible to decrease the 
rate of nse of the stimulus somewhat at the top In record g the sdent 
penod 18 very promment 
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Accommodations curve In order to plot accommodation curves (21) the 
actual stimuli of different rates of nse axe drawn m a co-ordinate ^stem in 
which the abscissae accordmgly are nsmg tunes and the ordinates strength. 
These values are obtamed directly from the photographed curves (see 
figures) m which the final plateau level of current always was checked by a 
milhammeter m the circuit Thus one does not merely rely on the amph- 
fied deflexion of the "strmulus-ieam” of the cathode ray "With a large range 
of stimulus intensities tested, it is often necessary to alter the degree of 
amplification m order to keep the beam witbm the proportionahty range of 
the instruments 

The various stimuli havmg been inserted mto the co-ordmate S 3 rstem, 
the moment of appearance of the first spike is marked on the curve for each 
hnearly nsmg stimulus The pomts so obtamed are jomed to a curve (see 
Fig 2) which accordmgly illustrates the strength to which it has been neces- 


Fig 2 Average accommodation curve 
for muscular afferents (upper curve) and 
for the saphenous (lower curve) Ordinates 
multiples of rheobasic strength (I/Io) (see 
text) 



sary to dnve the slowly nsmg current at each particular gradient m order 
to ehcit one impulse, the first of a senes, or a smgle spike if others do not 
follow. For rapidly nsmg st imuli the conduction tune must be substracted 
The graph so obtamed is of the same type as the one mtroduced by von 
Knes (18) and also used by Hill (15) and his collaborators Dependmg upon 
the particular problem m view, strength of current (I) may be given m 
mdhamp or m multiples of rheobasic strength (I/Io) Themverse value of 
the rate of nse of the mitial rectihnear portion of the curve corresponds to 
Hill’s constant X However, Skoglund’s direct method of measunng accom- 
modation and plottmg the curve from photographed responses ehmmates a 
number of errors and diftcidties inherent m the methods based on obser- 
vation of a threshold muscle contraction as "constant” mdex (6, 21) and 
makes it possible to isolate smgle fibres, not to mention the advantage of 
also being able to study sensory nerves by the direct method 

In Fig 2 are plotted the average accommodation curves for muscular 
afferents and the purely cutaneous saphenous nerve (A fibres) The latter 
curve hardly nses at all above the rheobase The muscular afferent also h a s 
relatively little accommodation, compared vnth motor nen'es (12, 21) 
Breakdown of accommodation follows at about 1 5 rheobases Hill’s con- 
stant X was about 150-200 msec with muscular afferents and approachmg 
infinity with the saphenous These differences, as we shall see, are large 
enough to reappear mirrored m the properties of the autorhythmic mechan- 
ism of the nenes 
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gion 400-500 We conclude that vanations m accommodative resistance 
within the limits of these experiments have no definite influence on the 
strength-frequency relation 

Adaptation and accommodation By adaptation is meant the fact that 
the frequency of the discharge gradually siniB dunng prolonged stimulation 
at plateau height Figure 6 lUustrateB different stages of this process dunng 
the course of stimulation with a current 5 8 times the rheobase This nerve 



P^G 6 MuBcular afferent The course 
of adaptation to plateau strength of a 
stimulus 6 8 times the rheobase Record 
begins in a with about 250 impulses per 
sec In b, after 2 5 sec , it has fallen to 
36/sec , in c, after 6 0, sec , to 18/sec 


18 a muscular afferent With the saphenous we have often kept the stunulus 
at plateau height for 60 sec and still seen a discharge of considerable fre- 
quency But m nerves with some accommodation the frequency much sooner 


Fig 7 Muscular afferent Course of 
adaptation for stunuh of different strength 
m terms of frequency of discharge as ordi- 
nates against duration of stimulation as 
abscissae Inset Comparison of a muscu- no 
lar afferent (filled circles) of X=200 with 
a saphenous (open circles) of X = « with 300 
respect to the total adaptation tune T for 
the rhythmic discharge at strengths of 
stimulation given as ordmates in multi- 
les of the rheobase Log T on the abscissa 
timulation has been contmued until the 
rh 3 rthmic discharge has stopped 


reaches zero In such cases the total adaptation time (T) can he measured 
A set of curves lUustratmg the dechne m frequency from different levels 
of excitation (I/Io), defined by the initial plateau frequencies, is found m 
Fig 7 The abscissae show the duration of the plateau stimulus The nerve 
IS a muscular afferent In the mset of Fig 7 multiples of rheobasic strength 
(I/Io) are plotted against the logarithm of the total adaptation time (log 
T), i e the tune from the first to the last impulse of the discharge caused by 
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Previoiisly we (6) have defined as “breakdown of accommodation” the 
fact that at a certam strength of current its strength alone rather than its 
rate of nse becomes significant (see Fig 2) and pointed out that this intensity 
region is recognized by the flattenmg of the accommodation curve accom- 
pamed by iterative finng The plateau discharge belongs to this late portion 
of the accommodation curve Consequently this is the most important phase 
of the autorhythmic mechanism m sensory nerves which have low accom- 
modative resistance In the saphenous nerve it sets m practically as soon 
as the current has risen a httle above rheobasic strength, m muscular afferents 
there is already a defimte imtial phase But on the whole our preparation is 
more smtable for studymg the plateau-phase Motor nerve should be used 
for the mibal phase Gradient is there relatively more important 

In sensory nerves the mitial phase seems to share with the plateau-phase 
the property of bemg more dependent upon current strength than upon its 


Fig 5 Muscular afferent Current 
strength in multiples of the rheobase as 
ordmates against plateau frequency of the 
discharge as abscissae Inset Same ordi- 
nates against log frequency in order to 
compare a saphenous nerve with a muscu- 
lar afferent 


gradient The range of vanation m the frequency of the discharge is far 
greater dunng the plateau-phase than m the imtial phase 

Plateau discharge and current strength It is known that m general the 
frequency of the repetitive discharge is greater for stronger stimuh (12, 13, 
17, 21) In Fig 4 IS illustrated the effect of current strength on a single 
muscular afferent with X = 200 On account of the large mtensity range it has 
been necessary to use different degrees of amplification of the stimulus-beam 
of the cathode ray so that the deflexions are not proportional to current 
strength In a, at 2 1 rheobases, there is merely the imtial phase, m b, at 
3 9 rheobases, the plateau-phase is well developed In c the strength is 5 8 
rheobases The initial phase is from the very fct record activated at a fre- 
quency high enough to cause dimmution of the size of spikes In d, at 9 7 
rheobases, the plateau-phase is activated at a frequency leadmg to a 
relatively extended depression of spike size, and m e, at 15 0 rheobases, 
the spikes are subnormal for the whole penod illustrated The maximal fre- 
quency IS at about 450 per sec 

In Fig 5 the quantitative relation between spike frequency and current 
strength m multiples of rheobasic strength (I/Io) is illustrated In the inset 
the abscissae are log frequency and the strength-frequency relation has been 
compared for a muscular afferent and a saphenous The difference between 
those two cun'es does not exceed the range of variation m different exper- 
iments The asjmiptote of the curves is found to begm m the frequency re- 
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gion 400-500 We conclude that venations m accommodative resistance 
withm the limits of these experiments have no defimte influence on the 
strength-frequency relation 

Adaptation and accommodation By adaptation is meant the fact that 
the frequency of the discharge gradually smis during prolonged stimulation 
at plateau height Figure 6 illustrates ifferent stages of this process durmg 
the course of stimulation with a current 5 8 tunes the rheohase This nerve 



Fig 6 Muscular afferent The course 
of adaptation to plateau strength of a 
stimulus 5 8 times the rheohase Record 
hegms m a with about 250 impulses per 
sec In h, after 2 5 sec , it has fallen to 
36 /sec , m c, after 5 0, sec , to 18/sec 


IS a muscular afferent With the saphenous we have often kept the stimulus 
at plateau height for 60 sec and still seen a discharge of considerable fre- 
quency But m nerves with some accommodation the frequency much sooner 


Fig 7 Muscular afferent Course of 
adaptation for stimuh of different strength 
m terms of frequency of discharge as ordi- 
nates against duration of stimulation as 
abscissae Inset Comparison of a muscu- 
lar afferent (filled circles) of X'=200 with 
a saphenous (open circles) of X = «> with 
respect to the total adaptation tune T for 
the rhythnuc discharge at strengths of 
stimulation given as ordmates m multi- 
les of the rheohase Log T on the abscissa 
timulation has been contmued until the 
rhythmic discharge has stopped 



reaches zero In such cases the total adaptation time (T) can be measured 
A set of curves lUustratmg the dechne m frequency from different levels 
of excitation (I/Io), defined by the initial plateau frequencies, is found m 
Fig 7 The abscissae show the duration of the plateau stimulus The nerve 
IS a muscular afferent In the mset of Fig 7 multiples of rheobasic strength 
(I/Io) are plotted against the logarithm of the total adaptation tune (log 
T), 1 e the tune from the first to the last unpulse of the discharge caused by 
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a certain stimulus Here, as m all our experiments, the total adaptation tune 
IS a function of the accommodative resistance The steeper the nse of the 
accommodation curve, the steeper also the nse of the curve m the I/Io log 
T graph, the shorter consequently the adaptation tune for a given multiple 
of rheohasic strength 

This difference is well brought out m the inset of Fig 7 by the companson 
of the muscular afferent of X =200 with the saphenous of a X approachmg 
infini ty It IS further emphasized by an mterestmg experiment m which the 
accommodation gradually rose while we succeeded m keepmg the same fibre 
for several hours imder the micro-electrode HiU’s constant X was about 200 


Fig 8 Accommodation curves for a 
muscular afferent in the begmmng (filled 
circles) and at the end (open circles) of an 
experiment (see text) Inset Plot of log T 
(abscissae) against multiples of rheohasic 
strength (ordinates) as m mset of Fig 7 
Curve to the left thus belongs to nerve 
givmg late accommodation curve (X =85), 
curve to the right to nerve giving early ac- 
commodation curve (X =200) 


m the begmmng of the expenment and around 85 some hoiu^ later The 
two accommodation curves from which these approximated constants were 
obtamed (from the early portion of the curve, as always) are shown m 
Fig 8 In the inset of the same figure are plotted the logarithms of the total 
adaptation times (log T), just as m the inset of Fig 7 The plot shows that 
the shortemng of the adaptation tune and the consequent steeper nse and 
shift of the I /Ip — log T curve actually is a function of the accommodative 
resistance of the active fibre and not due to differences m structure between 
muscular afferents and the saphenous, of a character imconnected with 
accommodation Both curves here refer to the same smgle muscular afferent 
fibre m different states of accommodation 

Adaptation and cathodal depression Tummg now to the ongmal record 
of the expenment, evaluated above m Fig 8, we find m Fig 9 the late stage 
of it, charactenzed by X =85, which should be compared with the records m 
Fig 6 from the early stage (X =200) In Fig 6, at 5 8 rheobases, there was 
still a plateau discharge present 5 0 sec after mitiation of the rhythmic 
activity In record b of Fig 9, at 6 0 rheobases, the discharge stops after 
a httle over half a second It does not last very much longer when the 
strength is increased in c to 9 0 rheobases The reason for this becomes evi- 
dent when the current is further mcreased, to 14 rheobases m d The whole 
plateau discharge is now inhibited and possibly also the last portion of the 
initial phase Tins is the cathodal depression, noted by Schiff (20), then seen 
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The total adaptation tune is thus of an order of magmtude which sug- 
gests, by decreasing with I /In, that quantitative agreement with the theory 
m sensory nerves only can be expected below the double rheobase Neverthe- 
less the theory has been a valuable mstrument m the experimental analysis 

However, accommodation appears m an important function as common 
denommator for the general resistance of the nerve to impulse production 
The greater this resistance, the more developed the cathodal depression, 
and the shorter the adaptation tune which probably, as stated, is determmed 
by the development of the SclufF-Wengo inhibition This is an mstance of 
what IS meant by our statement m the mtroduction that accommodation 
serves as reference pomt m the analysis 

Whether this late cathodal depression can be equated with the early 
cathodal depression, studied by Erianger and Blair (10, 12), remams to be 
found out m work with motor nerve where accommodative resistance is very 
much better developed But it is clearly important that m theur work too, 
accommodation, the early cathodal depression and the degree of repeti- 
tiousness are connected m the manner m which they now appear connected 
here (cf also 21) despite the different mode of attack Early cathodal de- 
pression 18 8 ynon 3 Tnous with accommodation as measured by Erianger and 
Blair by a method based on testmg the cathodal excitabihty with a shock 
techmque 

Autorhythmic discharge The fact that the sensory nerves, which are 
activated mdividuaUy by isolated peripheral structures with limited energy 
resources, possess httle accommodative resistance by comparison with 
motor nerves (12, 21) is m agreement with our hypothesis that the auto- 
rh 3 dlimic mechanism of these nerves can be put mto operation by generator 
potentials earned down electrotomcally along the nerve m simple end or- 
gans probably by direct chemical excitation of the nerve fibre From this 
pomt of view it is mterestmg that particularly low accommodation and httle 
adaptation is found m a cutaneous nerve such as the saphenous m which, on 
the theory, the autorhythmic mechanism would be started by energy re- 
leased by such weak stunuh as touch or the bendmg of a hair However, the 
degree of adaptation is clearly determmed by the end organ and not by the 
mechanism m the nerve, as duectly demonstrated by Adnan, CatteU and 
Hoagland (3) for cutaneous organs In the nerve, adaptation of the auto- 
rh 3 d;hnuc mechanism is less marked m the saphenous, and clearly noticeable 
m the muscular afferents whereas the adaptabihties of the correspondmg 
end organs are the other way round (1) 

The fact that "gradient” is of relatively httle significance m sensory 
nerves but highly important for many sense organs would seem to throw 
some hght on the differentiation of such sense organs mto a pmnary ap- 
paratus for picking up the energy of the adequate stimulus and a secondary 
generator mechanism firmg the nerve Sufllciently strong stimuh may, how- 
ever, cause a "gradient” also m the generator mechanism and lead to a dis- 
charge mterrupted by a "silent period” (mitial phase followed by plateau- 
phase) 



ACCOMMODATION AND AUTORHYTHMIC MECHANISM 345 

The activation of such a dormant tendency to intermittent conduction is 
shown m Fig 10 The stimulus seems to faohtate a process on the verge of 
activity Similar observations have 

been reported by Erlanger and j- - —— .-t.'itt::- . “ 

Blau* (11) Barron and Matthews 

have emphasized the significance of ' _ - 

theur own observations for central 
inhibition Like most central phe- 

nomena, this also seems to have its discharge which soon is spht up mto regu- 
penpheral counterpart Barron and lar groups 
Matthews’ explanation could be 

adapted to fit our case but there is httle reason to theorize here about ob- 
servations which have been wholly unsystematical 


Discussion 

Adaptation time, accommodation and cathodal depression HiU’s theory 
(15) explains the occurrence of rhythmic discharges to constant currents by 
the assumption that the "local potential” V for a certam tune T remains 
above the "threshold” U In the words of Katz (17) “durmg a certam 
time T, therefore, V will be greater than U, and throughout this tune re- 
petitive response might be expected to occur, at mtervals detemuned by the 
refractory penod ” Stronger stunub mcrease the frequency by ehcitmg im- 
pulses earher m the refractory period 

The relation between this tune T (which here has been called total adap- 
tation time), the constant X, and stimulus strength I/Io has also been given 
by Katz It is T = X loge I/Io In frogs (whole nerve) he finds good argeement 
between experiment and theory The reason for this may be the limited 
range of mtensities tested It is immediately seen that m our experiments 
with a value for X around 200 msec T may be of the order of 1000 msec , 
for I/Io aroimd 3-4 The formula does not therefore fit our case It may 
nevertheless be of some mterest to compare the curves for the sensory fibre 
(Figs 8 and 9) m which X was 200 m the beginning and 85 at the end of the 
experiment Calhng the adaptation tunes T-oo and Tss for Xi=200 and Xz = 
85, it IS clear that on the theory 

T;oo — Tgj =loge I/Io (Xj — X;), 
the difference between the two constants bemg 115 

The right and left members of this equation are compared m Table 1 for 
different values of I/L 

Tabic 1 
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Considering the difference m accommodation between motor and sensory 
nerves it is clear that m reflex activity the transition from the one system to 
the other suggests mterestmg possibihties for selection on the basis of differ- 
ences m accommodative resistance in the mtemuncial and output channels 
of the central nervous system 

Summary 

The repetitive discharge m response to slowly nsmg hnear stimuli has 
been recorded with the aid of micro-electrodes from cutaneous and muscular 
afiferents Smgle fibres could be isolated by placmg the micro-electrode on 
the dorsal roots Stimulus form and nerve response are pictured simulta- 
neously with the aid of a double cathode ray oscillograph on the same film 

By this method it is possible to measure the sensory accommodation 
curves directly and at the same time correlate them with the properties of 
the iterative discharge 

There is httle if any accommodation m n saphenous, representmg cu- 
taneous afferents (Hill’s constant X approachmg infimty) For different mus- 
cular twigs of n pophteus the values for X range from 150 to 200 msec 

The autorhythnuc discharge caused by the slowly nsmg stimuh consists 
of an mitial phase durmg the time the stimulus rises and a later plateau- 
phase when the stimulus has reached a certain plateau level of strength 
These two phases may be separated by a "silent penod ’’ 

The plateau discharge is characterized by a frequency which mcreases 
with stimulus strength The strength-frequency curve for smgle fibres is 
illustrated m Fig 5 It is mdependent of the accommodative resistance of 
the nerve 

The total adaptation tune (from first to last impulse) of the plateau 
discharge is a function of accommodation and of stimulus strength and de- 
creases when the accommodative resistance mcreases or stimulus strength 
decreases These relations are illustrated quantitatively for nerves of differ- 
ent accommodation m Fig 7 and 8 

Strong stimuh contmued on plateau height inhibit the discharge (Schiff- 
Wengo’s cathodal depression), provided that the nerves possess good ac- 
commodative resistance It is suggested that the total adaptation time is 
largely detemuned by this factor 

The slowly rising stimulus sometimes causes a rhythmically grouped 
discharge mstead of a contmuous flow of impulses 

We arc indebted to the Rockerdler Foundation for a grant to this laboratory 
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area 8, of area 9, or of areas 10-11-12 produced some increase m activity 
but always short of that produced by removal of the whole frontal associa- 
tion area The figures m both these papers indicate that the hyperactivity 
was usually delayed in onset and Kennard et al. emphasize the vanabihty 
m the time of onset Others have observed hyperactivity m the mon- 
key (16, 23) 

For the cat the situation is roughly similar Bams (3) failed to observe 
hyperactivity foUowmg bilateral removal of the rostral portions of the neo- 
cortex but rather described s 3 unptoms of a cataleptic nature Magoim and 
Ranson (15) were unable to con&m this latter findmg but mstead obtamed 
hyperactivity Langworthy and Richter (13) noted mcreased spontaneous 
activity m 9 of 10 animals m which they ablated the electncaUy exatable 
motor cortex, the premotor cortex and possibly a small tip of the corpus 
striatum In earher experiments, Langworthy and Kolb (12) destroyed 
various regions of the frontal cortex m 25 cats Ten of these became hyper- 
active and the critical area was ventrolateral to the motor area In the rat, 
Richter and Hawkes (20) foimd that unilateral as well as bilateral removal 
of the frontal pole (cortex and tip of the stnatum) consistently mcreased 
activity On the other hand m Beach’s (4) senes of 9 rats with lesions of the 
antenor cortex, only 6 became h 3 rperactive and 3 became h 3 ^oactive 
Stnatal lesions were without consistent effect (5) 

While only the most recent workers have recorded hyperactivity ob- 
jectively, the phenomenon is so specific and outspoken, at least m monkeys, 
that it could scarcely be missed The mconstancy of hyperactivity is there- 
fore not hkely to be due to any difficulty of observation It is more probable 
that some variation m the lesion is responsible and this could be either an 
omission of a critical area or the mclusion of some region productive of 
apathy or hypoactivity A consideration of the types of frontal lesions 
studied with respect to hyperactivity led us to the behef that the variable 
factor from lesion to lesion lay m the amoimt of destruction of the orbital 
surface of the frontal lobe This present senes of focal ablations on this 
surface mdicates that area 13, which has recently been delmeated cyto- 
architecturally by Walker (22) is of especial importance m the production of 
hjrperactivity 

METHODS 

Macaco mulatto monkeys (T T Senes, Nos 13, 14, 16, 21, 24) were used exdusively 
The operations were performed aseptically under intiapentoneal sodium amytal anes- 
thesia A horse-shoe shaped skm-flap was reflected frontally and a transfirontal osteoplastic 
bone-flap was hinged on the temporal muscle The dura was mcised along the margins of the 
bone-flap, the supenor longitudinal smus was hgated and sectioned at its antenor extremity 
and the falx and the olfactory nerves were divided Shiftmg the animal to the supme posi- 
tion allowed the bram to fall well away from the orbital plate The pia-arachnoid was co- 
agulated with the Bovie umt along the margins of area 13, which were laterally the fronto- 
marginal sulcus, medially the orbital sulcus, postenorly the lateral olfactory stnae, an- 
tenorly the orbital gyrus was transected at the level of the bifurcation of the orbital 
sulcus The bloc extirpated is roughly one sixth of the orbital face of the frontal lobes 

Activity was recorded pre- and postoperatively m the apparatus devised by Kennard, 
Spencer and Fountam (11) This is an oblong cage 4 ft by 1 26 ft and 1 26 ft high, set 
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Hypebacttvitt is one of the principal objective consequences of bilateral 
prefrontal lesions, it has been described for representative animals from the 
rat to the monhey But it is often not realized that hjqieractivity is an in- 
constant result of prefrontal lohe lesions (4), and no adequate explanation 
of the inconstancy of its appearance is at hand The tune of onset of height- 
ened activity IS also exceedingly variable, being often delayed as much as 
three weeks and sometimes preceded by a period of depressed motihty not 
ascnbable to paresis Neither is it known whether any component area of 
the prefrontal lobe is especially significant m the production of h 3 q)eractiv- 
ity, some beheve that prefrontal lobectomy alone gives m axim al hyperactiv- 
ity while others have designated speaal areas On none of these pomts is the 
hterature entirely uneqmvocal 

Bianchi (6) and Franz (7) made passmg mention of hjperactivity m their 
protocols of monkeys subjected to prefrontal lesions but neither writer m- 
cludes hyperactivily in summanzmg frontal lobe symptomatology. Both 
note that some monkeys became hyperactive while others appeared dull, 
indifferent or somnolent Jacobsen (8) is clearly to be credited with recog- 
mzmg that hyperactivity is one of the principal symptoms of prefrontal de- 
struction m the monkey, 4 of the ongmal senes of 5 monkeys were hyperac- 
tive and m a later senes (9) 2 of 3 monkeys were hyperactive But only m 
two recent studies has altered activity been objectively and quantitatively 
recorded and the lesions made with modem intracramal surgical techmques 
All of Richter and Hmes’ (21) senes of 4 monkeys m which the prefrontal 
pole or cortex was removed were hjperactive With respect to localization 
ivithm the prefrontal cortex, they conclude that activnty is particularly con- 
trolled through area 9 and also by the stnatum However of the 2 animals 
m which area 9 was removed bdaterally only one showed really marked 
increase of activity (4) They further state that umlateral and bdateral 
ablation of areas 8 or of 10-11-12 had bttle or no effect on actiinty Contrary 
to this, Kennard and Ectors (10) reported that unilateral or bilateral abla- 
tion of area 8 in monkeys defimtely produces hyperactivity Kennard, Spen- 
ce and Fountain (11) later concluded that bilateral and separate ablation of 
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Fia 1 Records showing development of hyperactivity eifter bilateral ablation of area 
13 (second operation) subsequent to hgation of superior longitudinal smus at its anterior 
end Note rapid onset of hyperactivity after second operation and that maximal hiqier- 
acUvity was reached m two weeks 

the pauses m the records of normal animals Thus the effect of area 13 lesions 
is'jnotjonly to mcrease the amount of activity but also to simplify the com- 
plex mterplay of postures and movement 
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over a freely movable galvanized iron pan, one end of which rests on a pneumatic pad The 
pad 13 connected with a tamhour which records upon a long-paper kymograph in ink. Any 
movement toward or away from the end resting on the pad causes an excursion of the pen 
and the height roughly reflects the extent of movement This apparatus, un l ik e that of 
Richter and Hmes (20) is only semiquantitative hut does record graphically the spatial 
and temporal pattern of the activity, it is free from the objection of emphasizing a turn^ 
pattern of locomotion Records were made before feedmg, usually m the mormng, they 
were of 3 hours’ duration, and were obtamed on 3 consecutive days before operation Ac- 
tivity was recorded immediately before operation and on the lst-5th postoperative days 
and 2, 4, and 8 weeks postoperatively 


Results 

Activity Bilateral ablation of area 13 of the orbital surface of the 
frontal lobe in one stage has produced marked h 3 rperactivity of immediate 
onset m 4 consecutive monkeys The postoperative activity has certam 
characteristics which make it easily recognizable It is a change m quahty 
and not merely a quantitative mcrease of normal spontaneous activity. Thus 
an operated anim al at a tune when hyperactivity is minimal is distmguish- 
able from a normal monkey which nnght display an equal amount of total 
activity Of first importance is that the hyperactivity is manifested clearly 
only m locomotor activity, other forms of movement tendmg to be re- 
stncted, especially m the first postoperative week Conspicuous is the 
methodical, stereotyped character of the "pacmg” which constitutes the 
mam motor performance of these animals In a square cage this tends to be 
about the perimeter of the cage and not consistently m one direction, m a 
long, narrow cage it it reminiscent of the pacmg of a caged bon though much 
faster except m the first postoperative days Though the total amount of 
tune spent m wallong is greatly mcreased, the pacmg is not strictly mces- 
sant for it tends to occur m "bouts” of waUtmg punctuated by rests or 
pauses Even when the periods of walkmg are short and the pauses are long 
as m the first postoperative days there is a characteristic sterotypy of the 
operated animals’ walkmg that can easily be seen m the activity records 
The record of a normal monkey (Fig 1 and 3) reflects a varied pattern 
of movement about the cage Rarely is seen more than one or two regularly 
spaced excursions representmg rhythmically repeated "round tnps ” Periods 
of activity, penods of shght activity and periods of rest alternate m an m- 
finitely varied pattern Little evidence of such random activity can be seen 
m the records or cage activity of area 13 animals The activities of the 
operated monkey are largely reduced to two either methodical walkmg or 
quiet restmg The record rarely shows a smgle translocation from one end 
of the cage to the other followed by a rest or random activity (denoted by 
small excursions superimposed on a change m the base hne), once walkmg 
18 initiated it tends to continue at a regular rate for many round trips It is 
as though an attempt to move from one end of the cage to the other imtiates 
pcrseverative walking Such bouts of walking may last as long as the test 
period of 3 hours The pauses too appear not to be mterrupted by small 
random mo\ ements (small excursions of the recordmg pen) that often mark 
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control the factor of incidental damage to the frontal pole, m a second 
animal (T T No 21) the frontal pole was removed (area 10 and part of area 
11, Walker) after hgation of the sagittal smus This failed to produce any 
h 3 rperactivity either early or late (2 months) after the procedure The 
sumlanty m activity before and after operation is shown m Fig 3 The 
experiment mvolvmg ablation of area 14 described below is further evidence 
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Fig 2 Effect of bilateral area 13 lesion on activity Upper record, made with a fast 
drum, shows speed and regularity of pacmg The record after the arrow shows accelerated 
runmng m response to presence of the experimenter The two lower records demonstrate 
marked hjrperactivity m the late postoperative period 


of the same weight It is unlikely therefore that hgation of the sagittal smus 
or the shght damage mcidental to elevatmg the frontal pole would account 
for the hyperactivity 

Specificity of area 13 lesions Preliminary experiments, too few to allow 
defimte statement, suggest that portions of the orbital surface other than 
area 13 are without the same effect on h3q3eractivity The ablation of the 
tip of the frontal lobe (area 10 and part of area 11, Walker) mentioned above 
accounts for the rostral portion of the orbital surface In another monkey 
(T T No 23) area 14, which occupies the posterior portion of the mtemal 
orbital gyms (gyrus rectus), was ablated bilaterally This animal was m 
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Onset and persistence of hyperactivity Hyperactivity lias consistently 
been observed as early as the first postoperative day At a tune when the 
effects of surgical shock, anesthesia, etc were stiU apparent, characteristic 
pacing was observed, it is slow and frequently interrupted by periods of 
imm obility but does not differ in quality from maximal hyperactivity A 
record of activity made on the first postoperative day is shown m Fig 1 
The amount of tune devoted to pacing and the rate of walking increases to 
a maximum m the 3rd or 4th week In the second postoperative month 
total activity diminishes somewhat However, as can be seen m Fig 2 there 
may be httle or no decrease, and m no animal was there a return to the pre- 
operative activity level Two animals (No 16 and 24) have been kept for 
more than 6 months and contmued to exhibit stnkmg h 3 iperactivity, the 
alteration m behavior apparently is permanent The negative symptoms 
described m the next section, unlik e hyperactivity, are most marked m the 
first and second weeks 

Negative symptoms Behavior deficits, at least m the first week after 
operataon, are alm ost as stnkmg as the overactiviiy, though difficult to 
catalogue There is a defimte reduction m emotional expression Fear seems 
reduced Aggressive behavior consisting of openmg the mouth with juttmg 
forward of the head and shoulders and fixed gaze so typical of the normal 
macaque is absent for some days or weeks, and this appears to be permanent 
m some animals Unmistakable too is the lack of response to human pres- 
ence, mstead of watchmg the observer mtently as the cage is approached 
the operated monkeys when not pacmg tend to sit gazmg mto the distance 
with a blank expression Later after the operation the animals become more 
reactive, perhaps over-reactive, to the observer but excitement still pro- 
duces an abnormal response, which is to accelerate the rate of runmng 
(Fig 2) This seems to take the place of the usual fear or aggressive responses 
The distractabihty emphasized by other observers could not be identified 
At first food tends to be neglected When offered a piece of frmt the animal 
reaches for it but allows it to shp through the hand, the empty hand is often 
brought to the mouth Or a bite or two is taken and the food then allowed 
to fab to the floor Such behavior persists only for a few days after which the 
animals eat well 

Controls The operative techmque used involves hgation of the superior 
longitudmal smus at its antenor end and some retraction on the tip of the 
frontal pole To control the possibihty that a generalized prefrontal damage 
ansmg from these procedures rather than ablation of area 13 causes the 
hyperactivity, the followmg experiments were performed In one animal 
(T T No 16) a dummy operation consisted of the usual procedures to 
and including ligation of the longitudmal sinus and severance of the falx 
This appears from the activity record (Fig. 1) to have mcreased activity 
slightly but neither hyperactivity nor any other departure from the normal 
was detected in cage behavior In two additional experiments the smus was 
hgnted as a part of other procedures without any sign of hyperactivity To 
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expressed in Calones per kg body weight. When averaged for a penod of 
5-10 days this value was found to be quite consistent from animal to animal 
A companson of pre- and postoperative food intake indicated a shght m- 
crease for two animals and a shght decrease for the third (See Table 1 ) 
In view of the metabohc cost of the hyperactive state, which is also reflected 
in a shght weight loss, no significance can be attached to these shght changes 
Ablation of area 13 certainly does not appear to cause true h 3 q)erphagia, the 
same result was obtained for prefront^ lobectomies by Keimard, Spencer 
and Fountam (11) 

Smce area 13, accordmg to the stimulation experiments of Bailey and 
Sweet (2) is related to gastnc tonus, and smce the frontal lobe has been re- 


Table 1 Food intake and body weight 


Expen tnent 

No 


Preoperative 

Postoperative 


Av C/day 

306 00 

366 00 

14 

Body wt 

3 25 

2 86 


CAg 

94 00 

128 00 


Av C/day 

351 00 

380 00 

16 

Body wt 

3 25 

3 00 


C/kg 

108 00 

127 00 


Av C/day 

310 00 

291 00 

13 

Body wt 

2 60 

2 32 


CAg 

124 00 

125 00 


lated to gastromtestmal motihty by Watts and Fulton (24), canmne tests 
were conducted on 3 animals There was no evidence of mcreased rate of 
transit of canmne, which is m agreement with the findmgs of Kennard, 
Spencer and Fountam (11) for other prefrontal lesions 

Restmg rate of oxygen consumption was not increased m 2 area 13 
animals These observations will be reported m full by Dr M A Kennard 

niscussiON 

The hyperactivity produced by ablation of area 13 of Walker appears 
to be qu^tatively identical with the behavior descnbed as hyperactivity 
by previous workers An important charactenstic of the phenomenon which 
18 not conveyed by the conventional terms "hyperactivity” or mcreased 
"random” or "spontaneous” activity is that the phenomenon is manifested 
chiefly m the sphere of locomotion No hyperactivity of membral move- 
ments, of eye and head movements, of facial expression or m the "posturmg” 
of the animals could be detected On the contrary activity m other than the 
locomotory sphere appears to be reduced Certainly the infimtely varied 
play of postiires as weU as emotional expression normal to the macaque 
IS largely lost Qmescence rather than agitation charactenzes the cage be- 
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excellent condition for 5 days when it suffered a head trauma resultmg xn a 
subdural hematoma During the first 5 days, careful observation revealed 
no similanty to the area 13 animals which all became definitely hyperactive 
within this period At no time did he pace, exhibit diminished emotional be- 
havior or Ignore the observer The animal’s cage activity could not be distm- 
quished from that of a normal macaque m an adjacent cage The lateral 
region of the orbital surface has not been explored From this hrmted expe- 


TTExpZI ^17^76 



SifSfVi Operation 



Ttrnc. = / irtin 


Fig 3 Activity records showing normal actmty after ablation of tip of frontal pole 
wth ligation of the supenor longitudinal sinus at its anterior end Hyperactivity is ab^at 
both ns an immediate and a late event after operation 

nence no suggestion is forthcommg that regions on the orbital surface other 
than area 13 are concerned to any large degree with hyperactivity. 

Food intake, gastrointestinal motility and oxygen consumption Somewhat 
the same ambigmty exists with respect to hyperphagia as a symptom of 
frontal lobe lesion as for hyperactivity, it has been found m the rat (20) but 
not m the monkey (11) Smce afferent and efferent visceral connections of 
the orbital region have been demonstrated physiologically (1, 2) the food 
intake was measured before and after ablation of this region In three area 
13 animals the ad libitum food intake w’as detemuned for a standard diet 
made up of foods from the laboratory diet Carrots, potatoes and bananas 
vere fed in fixed amounts and peanuts and bread were allowed m unlimited 
quantities, the daily residues w’ere sorted and weighed Food intake was 



358 THEODORE C RUCH AND HENRY A SHENKIN 


Consistent with the rapidity of onset and development is the excessive 
degree of h 3 rperactivity mduced by this relatively small ablation Withm 
two weeks of operation the h 3 rperactivity appears to approach that reported 
for large prefrontal lesions, though exact quantitative comparison is difficult 
One of the criteria of maximal hyperactivity, contmuous r unnin g for periods 
of an hour or more, is met by area 13 nnimalR The standard drum speed is 
too slow to allow exact calculation of the rate of ninnmg m all records, how- 
ever, for one animal it is 20 round tnps per mm m a cage 4 ft long A record 
made with a fast drum is shown m Fig 2 While the hyperactivily of area 13 
animals appears to exceed that of prefrontal lobe nnimnls m the first weeks 
after operation, the phenomenon may be more persistent m the latter 
Fmally, as pomted out m the review of hterature, large as well as small pre- 
frontal lesions unaccountably fad on occasion to mduce h 3 q)eractivity It 
has occurred consistently m a short senes of 4 area 13 animals 

There are then three mdications that area 13 is an important area for the 
control of activity, hjrperactivity produced by ablation of this area ap- 
proaches m magmtude that from large prefrontal lesions, it sets on more 
qmckly after operation, and it seems to be less vanable m occurrence, degree 
and time of onset The cntical area appears to be area 13 and not the whole 
orbital surface At least, two bordenng areas, 14 and 10 plus a part of 11, 
have been extirpated as a pnmaiy procedure without producmg any sign 
of hyperactivity of early onset On the whole, the degree and rapidity of 
onset of hyperactivity mduced by ablation of area 13 woidd seem sufficiently 
pronounced to preclude its bemg due to damage to other prefrontal areas 
The existence on the orbital surface of an unsuspected area related to 
activity raises the question whether it has been mcluded m lesions designed 
to destroy all prefrontal tissue Area 13 occupies the most posterior por- 
tion of the orbital gyrus (also called the posterior orbital gyrus, 2) It is not 
unlik ely that m attemptmg a prefrontal lobectomy and especially a lesion 
of areas 9-12, area 13 may be mcluded or excluded from the block by de- 
flectmg the ablatmg instrument either shghtly anteriorly or posteriorly 
with relation to the frontal plane Any variation from lesion to lesion at the 
orbital surface might contribute to the vanabihty m degree of activity pro- 
duced by large prefrontal lesions Furthermore area 13 is so situated that it 
IS hkely to be spared by prefrontal ablations designed to preserve the stri- 
atum, and ablations designed to mclude the striatum are hkely to mclude 
area 13 as well The converse of the latter is also true However, mtense 
hjqieractivity can result from a lesion (Fig 5) which spares the caudate and 
damages only shghtly the inferior border of the putamen No cellular reac- 
tions suggestive of ischemia of the stnatum were discovered Mettler and 
Mettler (18) imphcate the stnatum m the production of a phenomenon 
termed "forced, cursive h 3 iperkmesis,” the relationship of which to the 
h 3 qjeractivity descnbed above is not clear 

It has been argued (17) that hjqieractivity from prefrontal lesions is 
of delayed onset and that from stnatal lesions is of immediate onset 
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havior when not pacing In short, the release of activity appears to be fairly 
specific and not a generahzed increase of activity The early view that the 
frontal lobes exert some general "inhibitory” effect on cortical or subcortical 
centers is therefore untenable 



Fig 4 a E Walker’s cytoarchitectuxal map of the prefrontal lobe of Macaca mulatta 
(left) compared with Brodmann’s map of Cerccpithecus (right) The numerical designa- 
tions in Walker’s map are derived firom Brodmann’s designations of comparable areas in 
the human cereberal cortex and hence do not necessarily have anything m common with 
Brodmann and Vogt’s designations for the monkey 


A feature of the hyperactivity mduced by lesions of area 13 which mdi- 
cates that this region is especially associated with the control of activity 
IS the rapidity of its onset after operation In all monkeys characteristic 
pacmg was observed on the mormng of the first postoperative day Ob- 
jective records of activity showing typical bouts of walkmg were obtained 
on the first day m the apparatus, which was 1 to 3 days after operation 
They differ from later records m the length and frequency of pauses and m 
the rate of walkmg but the bouts of walkmg are of the characteristic method- 
ical, stereotyped pattern An early onset of hyperactivity seems to be umque 
to area 13 lesions Kennard et al (11), for example, state that "The hyper- 
activity 18 usually preceded by a penod of hypoactmty immediately follow- 
ing the operation which may last a few days or weeks Durmg this tune, 
the anun^s appear confused, lethargic, slow and difficult to arouse ” Their 
animals for the most part had fairly large lesions of the prefrontal area 
Richter and Hmes (21) also noted that the onset of hyperactivity was 
delayed (eg, 20 days after bilateral lesion of area 9), when lesions were 
limited to the cortex of the frontal association areas, while the onset was 
more precipitous after stnatal lesions 
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certain ill-defined behavior changes AH of these are most marked m the first 
postoperative week 

5 H 3 rperactivity is accompamed by a weight loss and only a shght m- 
crease in food mtake 
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so that the thalamus rather than the cortex controls activity through 
the stnatum Smce area 13 lesions which do not damage the caudate 
nucleus (Fig 5) produce immediate hyperactivity this argument loses weight 
and leaves open the possibdity of an area 13-stnatal connection for the 
control of activity 


Summary and Conclusions 

The postenor portion of the external orbital gyrus (posterior orbital 
gyrus), which Walker has recently differentiated as a new cytoarchitectural 



Fig 5 Frontal section through the brain of a monkey made hyperactn e by ablation 
of the postenor orbital gyrus of both hemispheres. The ablation extends to the mfenor 
border of the stnatum which is only shghtly damaged Expt T T no 13 

area (area 13) and which Bailey, Bremer and Sweet (1, 2) have demarcated 
physiologically from adjoiiung areas, has been ablated m a senes of monkeys 
This procedure produces m a marked degree many of the symptoms that 
have been descnbed for prefrontal lobectomy by various workers under the 
term hyperactivity The results of area 13 lesions are as follows 

1 Hyperactivity is manifested by long contmued, methodical pacmg or 
running of a regular, stereotyped character 

2 Hyperactivity from area 13 lesions is quantitatively great, is consist- 
ently obtained and is always manifested m some degree withm the first or 
second postoperative daj', whereas similar hyperactivity from other pre- 
frontal areas is said to be delayed m onset (as long as 2-3 weeks) and does 
not mvanably occur 

3 Ablation of neighbonng regions by the same operative approach was 
wnthout effect on activity 

4 Other motor activities are not marked by hyperacti\aty but rather 
suffer reduction Random, spontaneous activities and posturings are re- 
duced in vanety and quantity, as is emotional evpressmty There are also 
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wrapped m tinfoil D is a small neon tube m the handle of the needle holder 
that carries the stimulatmg needle E When the latter approximates the slnn 
to about 0 5 mm , the lower plate of C discharges through the needle and air 
gap to ground potential with a flash signal m D If resistances A and B are 
too high to pemut a steady flow of current across the gap, the discharge is a 
smgle bnef shock, and the needle can be raised agam before the condenser is 
recharged tlirough B At lower settmgs of the resistances a repetitive dis- 
charge IS permitted at a frequency detemnned by the values of capacity and 
resistance selected 

The three types of endmgs revealed by the Von Frey hair techmque and 
its variants are readily identified by electecal stimulation of smgle endings, 
those mediatmg ordinary touch or hght pressure, those for touch assoaated 
with hair shafts, and those mducmg the sensation to be identified as pnck, 
which becomes pnckmg pam on a stronger stimulation Occasional spots 
sensitive to cold have been encountered which also responded to electncal 
stimulation, but none for warmth, these two have not been specificaUy 
explored for 


Responses to Single Stimuli 

On regions of skm where sense organs are relatively far apart, pnck 
and touch can be readily differentiated by spark stimulation One smtable 
location 18 the dorsum of the web between the fingers Here pnck has a 
much lower threshold than touch to electncal stimulation of smgle endings 
This IS also true for the back of the hand and arm generally, although the 
opposite IS true of the skm covenng the baUs of the fegers The difference is 
m part assignable to differences m depth of endmgs below the surface, for 
if the skm of the ball of the finger is sandpapered sufficiently the order is 
reversed, the pnck threshold becommg equ^ to or lower than that for 
touch as 18 found elsewhere The extreme sensitivity of the fingertips to 
touch may be due to the greater number of receptors there rather than to 
the great sensitivity of mdividual receptors, m the case of mechamcal as 
well as electncal stimulation, for as will be mdicated below, the activities of 
adjacent touch receptors are strongly summated subjectively 

A smgle stimulus apphed to a smgle pnck spot at the threshold for sub- 
jective identification is not painful, but ehcits a tactile expenence usually 
accompamed by a famt aura of itch The latter is especi^y noticeable if 
the stimulus is repeated immediately This tactile sensation from a smgle 
receptor is so famt as to be recognized only when attention is closely paid to 
it It has a long latency, and is not associated with a feelmg of pressure As 
the stimulus is mcreased, a stmgmg or pnckmg sensation is mduced, with a 
rapidly shortenmg latency and an mcreasmg after-effect of pnck which 
often fades to itch A smgle strong stimulus has an effect which is sharp, 
stmgmg and persistent On the other hand a smgle threshold stimulus 
apphed to a touch endmg is expenenced as a shght tap As the stunulua is 
mcreased, the tap feels heavier, but does not persist The latency of the 
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Introduction 

In spite of numerous and elaborate studies on skm sensibdity, the cutaneous 
receptors have yet to be adequately investigated by one of the useful methods 
of neurophysiological analysis, that of direct electncal stunuiation by smgle 
and repeated shocks Although this is not the normal means of activatmg 
such receptors, the handicap here is no greater than where this method is 
apphed to the study of nerve trunks or nuclei of the central nervous system 
In fact the use of artificial or unaccustomed methods of approach has the 
advantage of minimizin g the prejudices that arise from customary exper- 
ience Certam elementary questions stiU remam undecided after extensive 
study of sensory receptors The receptors which serve the different modahties 
of sensation are stdl m dispute, and the earher inference that pam endmgs 
were more Superficially located m the skm than touch endmgs has recently 
been challenged (14, 15) The very character of the excitation process m 
the receptor is imknown Whether a persistent excitation of the receptor 
induces repetitme exatation of its nerve fiber as a constant current does, 
or whether the sense organ itself responds repetitively, remam equally 
problematical 

To approach some of these problems a method was sought for effectively 
stimulating smgle sensory receptors without mecham- 
cally deforming the skm A small electric spark was em- 
ployed, and the device of Fig 1 was used for prehmmary 
exploration of sensory receptors m human subjects The 
sensory experiences reported were taken as data These 
data, combmed with what is known about nerve re- 
sponses to vanous forms of sense organ stimulation m 
ammal expenments, allow certam inferences to be drawn 
as to the physiological behavior of the sense organs con- 
cerned The observations hereafter reported may call for 
further checks on animals under similar conditions of 
stimulation 

In Fig 1, direct current at 3000 V potential from a 
filter circuit charges the whole stimulatmg structure through a protective 
resistance A and B are carbon line vanable resistors of several hundred 
megohms each, C is a vanable condenser consistmg of concentnc test-tubes 

oloKj Rockefeller Foundation for Research in Keurophjii- 



Fig 1 Diagram 
of simple apparatus 
for stimulation of 
single sensory end- 
ings without mechan- 
ical contact See text 
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side maintaining a constant condition at the gap, the direct ionizing circuit through H also 
acta with the cucuit through F as a voltage-doubhng device, permitting the use of a small 
condenser and brief tune constant of the arc discharge 

The operation of the device is rendered audible m ear phones at I, one of which is 
connected m each of the two parallel circuits, through the body and through the shunt, a 
chck bemg dehvered to one ear when a stimulus passes through the skm, otherwise record- 
mg only m the other ear The stimulus cycle can be photographed on the oscillograph O, 
whose sweep is timed with K A tap key N signals on the oscillograph the approximate 
latency of the subjective sensation Alternately H can be thrown to dehver only constant 
current to the circmt beyond the gap G, or at open position a constant (or high frequency) 
arc discharge occurs across G The technical details of this apparatus are given m the ap- 
pendix below, together with certam physical considerations mvolved m the operation of 
an arc at low current values 

With the body grounded through the recording circuit, stimuh are apphed through a 
fine wire m a needle holder, the contact of the wire itself bemg too hght to be felt, or a 
spark wiU jump to the skm if the wire is held under a hand lens near the skm Alternately 



Fig 2 Schematic diagram of appara- 
tus for dehvenng repetitive electrical 
stimuh to a smgle sensory endmg De- 
scnption m text, and further details of 
construction and operation in Fig 6 


we have employed thm mica disks 1 cm m diameter, with a fine central perforation over 
which a 2 mm disk of foil was laid, and the whole compressed so that the foil extrudes 
through the perforation to make contact with the underlying skin Such disks contain 1 
mg of mica and 2 mg of foil, can be dropped on the skm without bemg felt, and are fixed 
m place by smearmg the edges with vasehne Contammation of the dry skm with vasehne 
seems to offer no impediment to the current, and may facihtiate electrical contact, as it 
does on metal surfaces generally Moistemng the skm surface with salt solution or distilled 
water on the contrary mcreases the effective threshold for stimulation, probably by diff us- 
mg the current above the highly resistant cuticle 

If a repetitively dischargmg needle is drawn slowly cross the dry skm, under observa- 
tion through a bmocular, apparent pnck loci, that is points of strongest sensation, are most 
frequently encountered m the depressions between polygonal areas of mechamcally stiffer 
cuticle It IS probable therefore that one of the chief factors determmmg the thresholds of 
smgle sense organs of the skm for electrical stimulation, and to some extent for mechamcal 
stimulation, is the structure of the skm itself and its mosaic of electncally smd mechamcally 
resistant areas 

Responses to repetitive stimuli There has been considerable disagreement 
in the hterature concemmg the quahty of sensation with relation to in- 
tensity of stimulation The question is usually presented m the form Do all 
receptors mediate pam when sufficiently stimulated, or is pam a smgle 
modahty mediated by its specific sense organ‘s In a previous paper (9) we 
concluded the latter, with the reservation that a smgle stimulus to a few 
nerve fibers passmg to potential pam endmgs caused only tactile sensation 
It IS perhaps academic to argue whether an mmpiently painful sensation 
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sensory expenence is far shorter than that for threshold pnck Strong single 
stunuh become unpleasant, and as they do so pain may be felt, but explora- 
tion of terntory adjommg the receptor with a stimulus of constant strength 
usually reveals a sharp focus of this painful sensation at a nearby pnck spot, 
with a steady mcrease of pnck sensation m passmg from the previously 
identified touch spot to its neighboring pnck spot The pnck resultmg from 
strong electncal stimulation of an isolated touch spot is therefore m the 
larger part or perhaps wholly due to spread of current to adjacent lower- 
threshold pnck endmgs Over the forearm few pure touch areas can be found 
although one encounters with a weak stimulus numerous foci of pure pnck 
without accompanymg sensations of touch The reason for these relations 
IS that the electncal threshold for pnck is m general considerably lower 
than for touch Touch can be recognized with stronger stimuh as a feehng 
of abrupt contact or tappmg against a background of pnckmg pam 

The thresholds referred to are those ehatmg sensory expenence, and 
are not demonstrably the thresholds for mitial activation of a nerve fiber 
by its receptor Smce the nerve fiber’s impulse is all-or-none, if one impulse 
m one nerve fiber resulted m a defimte sensation, a shght mcrease above its 
threshold should at least double the sensory effect expenenced, and this 
should be recogmzable as a step-hke mcrease m sensation No such umt 
augmentation is recognizable, even when expenenced from touch spots 
where the sensation at apparent threshold is rather defimte Therefore it is 
inferred that even thre^old sensation expenenced from the stimulation 
of one receptor mvolves the repetitive response of the nerve fiber leadmg 
from that receptor, and as the number of nerve fiber responses mcreases 
with mcrease of the stimulus, the sensation mcreases by fractions too small 
to be recogmzed as other than a smooth gradation 

The third group of receptors to be considered here, touch organs at the 
bases of haur shafts, are more suniJar m their responses to touch organs gen- 
erally than to pnck endmgs, but are not identical to these They wdl be con- 
sidered more fully below The sensation mduced by a smgle stimulus to a 
hair shaft receptor is indistinguishable from that mduced by bendmg a hair 
mechamcally It is not expenenced as a tap or hght blow, as is the stimulus 
to other touch receptors 


PERSISTHNT AND REPETITII'^E EXCITATION OF SINGLE 
SKIN RECEPTORS 

Technique For repetiti\c stimulation the simple apparatus noted abo\e was not 
Kubjoct to precise control, since the \aluc of the stimulus \ aned with the distance across the 
pnp, and wath repetitue discharges the first stimulus was greater than the succeeding 
'I hcrc IS also a lower limit to the energy that can be delnered across such an air gap, and 
this limiting \ aluc pro\ cd to bo nbo\ e threshold for manj sense endings The apparatus of 
Fig 2 was therefore del Lsed for more accurate and flexible manipulation A constant high 
\olnge IS applied through a high rcststance %acuum tube and s\%atch H to maintain ioniza- 
tion of the air gap G Pulses from the same source are applied to the \anable condenser F 
and thence to G, hy means of an electronic tripping dence at A The intermittent shocks 
discharged across O stimuHtc the skin at L. during an interval that can be limited b\ the 
short-circuit A. and at a strength regulated by F and also b> the shunt circuit at J Be- 
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when pulled from then moormgs, but the threshold for pain even to gross 
pulhng of smgle hairs is very variable The sudden jerk with which haurs are 
most expeditiously removed is sometimes not pamful, but always leaves an 
after-effect of itch, (see below ) A few hair endmgs have been found where 
the threshold for pnck was at least ten times that for touch 

In connection with hair-organs, the followmg observation is perhaps 
significant If a smgle hair shaft is poked with a fine mstrument, the hair 
must be very considerably bent before any sensation is mduced If now a 
hirsute area is disturbed so hghtly, even with a breath of air, that any smgle 
hair IS bent less than its threshold for recogmtaon requires, the sensation is 
unmistakably more mtense Aside from the obvious demonstration of spatial 
summation, this observation mdicates that the threshold for subjective 
sensation to sense organ activation is matenally higher than the threshold for 
response of the nerve fiber itself, m other words, more than one nerve im- 
pulse from one sense organ is required for a sensory effect This is analogous 
to the repeated findmg m direct stimulation of nerves leadmg to central 
nervous system responses as recorded electncally, more than one impulse 
over one nerve fiber is often required to fire a central synapse 

Distributions of sensory endings as tested by electrical stimulation A stim- 
ulus pattern was chosen by tnal which gave the most clear-cut differences 
m sensation from pnck, touch, and hair-shaft endmgs respectively This 
proved to be a continuously repetitive sequence at about 5 per second, vaned 
m mtensity for different types of endmg necessarily, but held constant other- 
wise The needle was raised from the skm between trials, which consisted 
each of about 1 second contact The subject was the present wnter, normal 
so far as mdicated by chnical skm tests He had the cues of sound m the 
ear phones, vision of the needle through a X2 hand lens, and the oscillo- 
graphic trace of the stimulus record when significant Areas were explored 
at three locations along the lower arm, on the back of the hand, and on 
the nail bed, balls of fingers, and palmar surfaces of phalanges 

Pnck receptors Stunuh which mdividually caused shght pnck at the 
most sensitive pomts showed summation at 5 per sec At this strength the 
spots were sharply localized, and moving the needle as httle as 1/10 mm 
was sufficient to abohsh all sensation With mcrease of strength these pomts 
expanded, and other pomts were found, the intensity of sensation decreasmg 
with distance from such focal pomts With stunuh strong enough to mduce 
hght pressure sensations, pnck could be ehcited from almost any area, but 
with stnkmg differences m mtensity, varymg between burning pam and 
shght pnck Drawmg the needle across the skm at uniform rate gave the 
fedmg of irregular jumpy movement, with occasional sharp jabs as if the 
pomt had suddenly caught and penetrated the skm Distances from one 
pnck focus to another vaned, from 2 to 10 mm on the arm and hand, (Fig 
3) but due to poor subjective localization below threshold for touch, it is 
difficult to decide whether two adjacent spots are referred to the same locus 
or not Consequently it cannot be judged whether one nerve fiber supphes 
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shall be called painful in anticipation, or tactile in retrospect, since it is 
naively obvious that a sensation is painful only if it is painful enough There 
is however distmct quahtative difference between even threshold sensations 
from stimulation of regions that on stronger stimulation ehcit respectively 
stmgmg or pncfcmg pam and superficial touch or hght pressure 

Stimulation of what will hereafter be designated touch receptors, with 
weak smgle shocks, gives the impression of a hght blow, and this sensation 
of abruptly apphed pressure is only mtensified on moderate increase of m- 
tensity It is simply repetitive at low frequencies, with shght temporal sum- 
mation At higher frequencies the sensation becomes smooth pressure At 
higher mtensities it becomes unpleasant, especially at low frequencies, and 
is usually contammated with pnckmg pam due to spread of current to ad- 
jacent pnck endmgs Usually where touch is at a maximum for a given m- 
tensity of stimulus, pnck is at a minimum and vice versa 

In contrast, repetitive stimulation of what wdl be designated hereafter 
as pnck receptors, even stimulated at a threshold where a smgle stimulus is 
not pamful, rapidly summates to frank pam, without any of the feehng 
that a blow has been struck In fact a distmctive characteristic of weak re- 
petitive stimulation is the gradual onset of this sensation, doubtless related 
to the long latency to weak stimuh It is impossible to obtam from pnck 
receptors done the vibratory character of the sensation so readily ehcited 
from touch receptors 

The tactile organs at the bases of hair shafts he m some respects between 
these two The latter organs, (which wdl be designated hereafter as hair- 
receptors, m spite of the fact that other receptors often occur here,) are 
difficult to stimulate through the skm surface, probably because they he 
deep at the root of the hau-shaft They are readdy stimulated by a high 
voltage shock led to the proximal I to 2 mm of the hair above the skm By 
this cucumstance they are rehably differentiated from other touch organs 
under electncal stimulation Smgle weak stimuh give a sensation identical 
to that caused by shght bendmg of the hair shaft Repetitive stimidation 
results m summation to a steady sensation at considerably lower frequenaes 
than that characteristic of touch organs, but they show less summation than 
do pnck endmgs They do not give the sensation of a tap on the skm surface, 
as do touch organs, they rather give the feehng of somethmg rough drawn 
across the hair Strong stimulation via hair shafts always results m pam, 
and from some hairs only pam can be recogmzed, the pam then maskmg the 
tactde sensation if a hair-receptor is mdeed present On the other hand, a 
few hair shafts have only ordmaiy skm touch m their vicmity 

The fact that one finds such a varymg relation between the thresholds 
for pnck and for tactde sense associated vath hair shafts indicates that the 
two sensations must be mediated by different organs, lymg at vaiymg dis- 
tances from the hair shaft ^^^lether the hair tactde organs themselves give 
pam on strong stimulation cannot be finally decided under these cucum- 
stances We have not been able to find any hairs that faded to cause pam 
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Fig 3 Diagram of dorsal surface of nght forearm, and of the nght hand, } size, to 
illustrate effects of electrical stimulation of nerves and of sense organs in and below the skin 
All stimuh involved a 2300 V source, employing vanous capacities at F in Fig 2 Pam was 
reached at the most sensitive skin pomts with the vanable capacity of 0 0001 Mf set at 
about i of this maioiiium value Employing 0 001 Mf, nerve trunks and branches could be 
stimulated over wide paths as outhned in full Imes on forearm outline, and a sensation of 
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more than one pnck focus, although a umt field almost certahaly includes an 
area around each focus 

Such a distribution of excitabihty for pnck might be due to several 
causes, to varymg depths of sensory endmgs below the skm; to vanations 
m skm resistance, or to vanations m mtnnsic exdtabihty between end 
branches of one axone That one factor is either variation of skm resistance 
or of depth below surface is mdicated by the fact noted previously that 
many "high” pomts for pnck he m mmute grooves between more stiff areas 
of skm Also, if the skm is shaved closely, or the epidermis removed with 
sandpaper, the electncal threshold is materially lowered In such an area, a 
scratch by a gram of sand through the epidermis, even too shght to cause 
irritation, has a greatly lowered threshold to pnck That is, one can produce 
a "high” spot by removmg the cuticle locally, and normal vanations in 
skin resistance vs^ therefore be a factor m such localization 

Touch receptors Skm shaved a few days previously will contam stubs 
of hair shafts long enough to mampulate but too short to mterfere with 
exploration for touch The spatial unit for the latter sense appears to be a 
relatively uniform area rather than a high pomt gradmg off to relative 
insensitivity These areas are a centimeter or more m diameter toward the 
elbow, gradmg to a few millimeters on the back of the hand, and one or 
two millim eters on the ball of the finger (Fig 3) Usually, but not always, 
each area will have one pomt of defimtely greater sensitivity to a given 
strength of stimulus This can be located withm less than half a milhmeter, 
with no obvious relation to uregulanty of the skm over it (Fig. 3 E) Sub- 
jectively, the sensation at that pomt is stronger, and at least while watchmg 
the needle, stimulation of other parts of the area seem to be referred to 
this pomt Above threshold, stimulation at any pomt withm an area feels 
the same, except at the high pomt, that is, there is not the progressive grad- 
ation from peaks to valleys found associated with pnck foci The margins of 
adjacent areas may overlap, or there may be narrow spaces between them 
without touch sensation unless the stimulus is very strong (Fig 3 B) On 
hirsute surfaces many of the hair shafts are situated at the penphenes of 
touch areas, some areas lymg entirely between hairs An exception was 
noted on the back of the hand, and the hair endmgs here gave a sensation 
when stimulated that could not be distmgmshed from ordmary touch, 
which m fact was probably also stimulated The margins of these areas are 
located by drawmg the needle slowly across the skin, markmg pomts where 
the sensation shifts abruptly in subjective localization It appears obvious 
that these are the endmgs mvolved m compass-pomt tests, of which the 
above maneuver is a modification, though it cannot be said that each area 
IS served by one fiber 

In Fig 3 tracmgs are presented of groups of touch areas It will be noted 
that the high points for pnck show no correlation with touch areas, and there 
seem to be more pnck spots than touch areas, at least o\er the forearm and 
hand On the balls of the fingers this is not obinously the case, but here the 
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needle is employed, than with electncal stimulation Across the ball of the 
finger a movmg mechamcal contact gives an apparently smoothly changmg 
locahzation, as contrasted to the step-like progress with electncal sbxnu- 
lation This may be assigned to the gradual deformation of the skm ahead 
of the mechamcal stimulus 

Hair receptors The distnbution of sense receptors associated with hair 
shafts appears to be one to each hair, or if there are more than one they 
must he very close about the foUicle The sensation cannot be localized 
subjectively with sufficient precision to judge whether one fiber distnbutes 
to more than one hair, but this can certainly not be excluded The pomt on 
the skm which, stimulated electncally, gives a sensation identical with 
movmg a han, hes usually one fourth to one half millimeter from the hair 
shaft’s pomt of emergence, m the direction of the hair’s slant under the 
surface, and when an occasional case is found where the sensation is not 
contammated by either pnck or hght touch, this pomt can be located with 
the needle very precisely Not all hair folhcles however have a characteristic 
modahty A few have no sensory pomts m then immediate vicmity, some 
give only pnck, even when a spark is sent along the shaft itself, and some 
have only ordmary touch near them For a few, no specific sense organ could 
be foimd electncally, but bendmg still produced a sensation, perhaps from 
a sense organ too deep m the skm to be reached by other than currents 
strong enough to confuse the issue 

Functional correlation with histological structure Such rather distmctive 
distnbutions of the excitable areas for different senses obviously suggests 
the possibihty of correlatmg sensation with known histological structure, 
but it must be recogmzed that to the many pitfalls which have comphcated 
such attempts m the past, the method of electncal stimulation adds its 
appropnate quota Beside the considerations already mentioned of variations 
m skm resistance and depth of endmgs below the surface, the question anses 
what IS bemg stimulated, nerve fibers, their fine end-ramifications, or special- 
ized endmgs, or the non-nervous envelopmg tissues of sense organs 

The speciahzed structure of at least some sense organs, consistmg of non- 
nervous capsules surroimdmg the modified endmg of a nerve fiber, obviously 
suggests the function of transformmg one kmd of energy — that of the ex- 
ternal stimulus, mechamcal deformation or temperature change for instance 
which corresponds to the receptor’s modahty — to another kmd, whatever 
that may be, which is pecuharly suitable for settmg up impulses m nerve 
fibers The fact that even the briefest stimulus, a sudden pnck or an electnc 
shock, can set up a persistmg sensation, which must mvolve a contmumg 
tram of discrete nerve impul^ m a nerve fiber, strongly suggests that at 
some site m the sense organ a persistmg chemical or physicochemical 
effect has been mduced, which is not aU-or-none, and which serves as the 
mtermediate stimulus to the nerve In fact smce the "exatable” part of the 
sense organ is presumably its nervous part, we might differentiate this 
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density of distribution of both appears to be greater The needle, discharging 
repetitively and drawn slowly across the ball of the finger, seems to change 
its position in a saltatory manner about every two miUimeters or less, and 
these apparent shifts of position presumably indicate the margins between 
the smaller adjacent touch areas m this region Pnck here requires a much 
stronger stimulus than does touch, and its threshold is so greatly reduced 
by removmg the cuticle, that the number of separate pnck spots is impossi- 
ble to estimate On the region just proximal to the ball of a finger, pnck 
agam has the lower electncal threshold, and the distnbution of pnck pomts 
is not greatly different from that over the arm 

Foa of touch and pnck located by electncal stimulation were checked 
by pnckmg with a sharp needle These electncal high spots for pnck co- 
mcided exactly with the pomts where minimum pressure was required for 
mechamcal pnck When a touch area had a similar high focus, this was also 
more sensitive to fight touch than its immediate surroundmgs. Otherwise 
there seems to be more vanation m touch threshold when the mechamcal 


touch was referred to the areas enclosed m dash lines At 0 0011 Mf the paths were broader, 
indicated by dash lines parallel to the full lines At 0 0002 Mf the only region where a nerv e 
trunk could be stimulated was along the heavy line below D', where the nerve presumably 
lay closest to the surface The nerves in hand outline were located with 0 0005 Mf stimulat- 
mg capacity The widemng of a pathway presumably indicates a shallower depth of the 
nerve Crossing above the nerve branches at G is a vein v through which the ner\ es could 
not be stimulated 

The areas of reference seemed to contract as the Der\e stimulus was made weaker, 
A and C correspond to the strongest stimuli. A’ and C' to stimuh near the edges of the 
paths, and C" to the threshold response from along the bne below D' 

B, unit touch areas outlined with a 0 0001 Mf stimulus, drawn actual size O indicates 
hair shaft, • is the high spot for touch in its area Three of these areas overlap mth a 
fourth, while between the right hand one of these and the area above, a space is ^ acant for 
touch In this space three hair shafts could be investigated for hair-sense uncomplicated 
by ordinary touch Located at B' on outline of arm 

2?, touch areas near a nerve trunk, at Z? 'on outline, 0 0003 Mf stimulus employed 0 001 
Mf gave no referred responses here except along nerve paths as outhned Hair shafts indi- 
cated by circles 

E, three details near location E' Et a single touch area containing no hair shafts 
E , three adjacent touch areas of decidedly different affect with the same stimulus a gav e 
a V cry strong abrupt sensation, vvnth the spot marked by a black circle ev en more sensitiv e, 
to which any stimulus m this area seemed to be referred The sensation from 6 was less pro- 
nounced, but It also had a focal point of reference From c the sensation was weak and 
poorly localized Ei, an area about a single isolated hair shaft, pp are pain foci, /is the hair 
sliafl, he two pcpamle hnir endings, one immediately at its base, one further away and at 
one side Ip a touch area high spot, where a pain ending adjacent to it was stimulated at 
about threshold for touch Over the pain ending itself the threshold for pam was much 
lower and the location of the pain spots could be confirmed by mechanical stunulation 
with a sharp needle 'The proximity of the other pain spot to its nearest hair ending made it 
impossible to obtain hair touch wathout pain, but this could be induced at the more distant 
hmr cnamj' 


G area on hack of hand between nerve branches, located at G' on outhne of hand 

nZii Mr7 X, 7 pam Stimulus 

0 0001 Mf for pain spots 0 0003 Mf for touch There seems to be no correlation between 
tho diPlnhutions of touch, pTin find fnir slmfts 
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the argument presented above that speciahzed endmgs rather than ordinary 
nerve fibers are stunulated, except that they do mention varicosities, etc 
along the termmal branches It may be suggested that such mmor modifi- 
cations may serve as the seat of the physiological specialization which the 
results of electrical stimulation seem to demand 

Certain Theoretical Considerations, Form of Sensory Message 
IN Terms of Neurone Responses 

Whatever the vahdity of the foregomg inferences, it is obvious that the 
immediate result of a smgle stimulus to a skm receptor, however bnef, is a 
smgle or repetitive response m a fiber leadmg from it Differences m sen- 
sation due to differences m strength of smgle stimuh must mvolve differences 
m number and frequency of such impulses In fact, any sensory affect, at the 
peripheral nerve level, must be mediated by means of specific and all-or- 
none impulses m the nerve fibers from sense organs Further, the physiology 
of the central phenomena evoked must be de^t with m terms of such im- 
pulses unpmgmg on central synapses It wiU be convement at this pomt to 
evaluate the t3qDe3 of activity mduced by our procedures m terms of nerve 
impulses 

The impulses m a penpheral nerve fiber are vanable m two ways only 
first, m number, and second, m frequency The lower limit of response of one 
nerve fiber to stimulation of its sense organ is one nerve impulse, and this 
probably fails to reach the higher centers unaided Vanous experimental 
evidence from work on anunals (1, 12, 8, 19) mdicates what the further 
stimulation of a sense organ above its nerve threshold means m terms of 
nerve impulses m its fiber A stronger stimulus excites a sense organ more 
mtensely, and its exatation wiU persist for a longer time The mtensity of 
excitation appears m terms of frequency of discharge of impulses m the nerve 
fiber, its persistence m terms of numbers of discharges To a first approxima- 
tion the frequency of nerve discharge at any instant may be taken as a 
measure of the mtensity of the sense organ’s exatation obtaimng at that 
moment, or vice versa 

For the present purpose, and without experimental evidence on the 
pomt, sense organ excitataon may be assumed to be inherently non-rhythmic 
and not aU-or-none * The tune-mtensity course of such excitation may be 

* No one m fact knows how a sense organ responds, our picture of the process is de- 
rived by inference from the response of the fiber activated by it The possible exception is 
the visual sense cell, the potential of which was recorded by Harthne (8) in the eye of 
hmulus, separate from the potentials of nerve elements associated with the sense organs 
If this directly recorded potential is a measure of the state of excitation of the receptor 
cell, m the same sense that a nerve impulse seems to be a measure of its fiber’s response, 
then the nerve fiber from a photo-receptor responds repetitively to a persistmg and non- 
periodic excitation in its sense organ 

The other view is presented by Matthews (12) m connection with a study of muscle 
stretch endings He infers that the sense organ itself responds repetitively to constant 
stimulation, i e , physical stretch distortmg the excitable membrane, "smce there is no 
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process further, to the effect that a first stage might consist of the pro- 
duction of an exciting agent by non-nervous tissue, the second stage, of the 
excitation of a specialized nerve ending, which then activated its axone For 
purposes of analysis then the penpheral sensory process can be considered 
physiologically at least as a three-stage one first, the transformation of 
energy from a special to a general form, which makes the sense organ specific 
for a certam t 3 rpe of stimulus, second, the utilization of that energy m the 
settmg up of a persistmg state of excitation; and, third, the transformation 
of a persistent excitation mto a repetitive tram of impulses It would be 
convement, even if not experimentally justifiable, to identify as the loci 
of these stages, the non-nervous tissue, the expanded sensory nerve endmg, 
and the nerve fiber respectively The nerve fiber at least is m character, for 
it customarily responds with a repetitive tram of impulses to a persistent 
stimulus, whether this be a constant current, a local mjury, or a chemical 
agent 

Certam features of the sensory response to electrical shocks mdicate 
that it is not the nerve fiber itself which is directly stimulated The long 
latency of threshold pnck is probably a function of a slowly established 
penpheral process, not characteristic of nerve fibers activated by bnef 
shocks, and the narrow precision with which certam pnck "high” spots and 
all hair endmgs can be located argues for the activation of a discrete and 
hmited structure, not a random segment of a nerve plexus such as termmal 
fibers are known to pass through In plottmg touch areas, one occasionally 
finds, with strong stimuh, that the area to which the sensation is referred is 
a distant one, that is, a small superficial nerve branch has been stimulated 
directly (Fig 3) The fact that with weaker stimuh touch areas can be 
accurately cucumscnbed with the stunulatmg needle without reference of 
any sensation to an ex-ternal area is convmcmg by contrast To stimulate 
pnck fibers m such superficial nerve branches requires a stimulus co exorb- 
itant as not to be comparable to the shock reqmred for pnck receptors under 
the needle, which are m contrast the most easily stimulated of all skm 
endmgs It must be concluded that specialized endmgs, especially for pnck, 
are more easily stimulated by electnc shocks than the fibers leadmg from 
them If as inferred above, one impulse m one fiber fads to arouse any sen- 
sation at all, then the abihty to detect sense organs by such bnef shocks 
as we have used itself indicates that specialized endmgs rather than fibers 
are being stunulated, for these shocks at any reasonable mtensity could 
only set up one impulse each m any fiber they reached 

Finally, the distnbution of endmgs correlates fairly well with the ter- 
minal nen^e ending distnbutions of the skun to which Woollard and col- 
laborators (17, 18) assign the functions of touch and pam How'ever, the 
data presented herein are not sutficient to conclude whether the touch 
endings he more superficially than pnck endmgs Their fadure to find any 
specialized endings for the fibers which they assign to pam may compromise 
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Fig 4 Diagram to lUustrate the relation between sense ending and nerve, or between 
afferent fiber and the synapse to which it leads, on the assumption that the excitation in 
sense organ and at the synapse is persistent, in contrast to the discontmuous character of 
nerve fiber impulses A, the triangles of constant amphtude represent a tram of impulses 
m one fiber, decrementmg m frequency The overlymg curve represents the course of the 
excitation m a sensory endmg set up by a very brief stimulus and persistmg at a decrement- 
ing mtensity after the stimulus is removed The decrementmg intensify of the exatation of 
the sensory endmg corresponds to the decrementmg frequency of nerve impulses of con- 
stant mtensity It is supposed for purposes of representation that summation of the nerve 
impulses at a central synapse will reverse this transformation, resultmg agam m a persist- 
mg excited state of decrementmg mtensity 

C, the imtial figure is a duphcation of yl on a slower tune scale, the triangles repre- 
sented as vertical hnes The saw-tooth curve represents a succession of such responses to a 
repetitive stimulation of the sensory endmg, assummg that the frequency of stimulation is 
such that recovery is not complete between st imuli The undulatmg and smooth curves 
superimposed on this represent mcreasmg degrees of smoothmg of the summation of im- 
pulses at a center, depending upon its character or upon the number of synapses traversed, 
etc A repetitive excitation may thus be smoothed to give a contmuous sensation, which 
may persist after stimulation ceases as the after-discharge of the summated excitation 
Fig 6 Diagrammatic representation of the pattern of excitation at successive levels 
of the nervous system, based on the assumption made m Fig 4 A, the potential-tune form 
of a brief electnc shock apphed to a sense organ B, the mtensity-tune course of the sense 
organ’s excitation C, the repetitive response of the afferent fiber to stimulation of its 
sense organ, assummg that the frequency of that response is at any moment proportional 
to the mtensity of B D, the smoothed curve of summation of C at a synapse, assummg 
that several impulses are required to excite it, mvolvmg a delayed rise of excitation E, a 
tram of impulses corresponding to C, condensed to the time of the first peak of the saw- 
tooth curve F, representing nerve fiber and sense organ excitation respectively The whole 
curve F represents the summation of a succession of curves B upon repetitive excitation 
of a sense organ G represents the summation of successive responses such as I? at a S 3 m- 
apse H IS then the senes of impulses m the nerve fiber beyond the synapse, respondmg to 
the varymg mtensity of G with a penodically varying frequency The d^yed start of this 
tram of impulses correapomls to a long latency of sensory effect, and the varymg frequency 
of H corresponds to a vibratory character for the sensation When the changes of frequency 
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then considered to have the form of the smoothed summation of the all-or- 
none responses of its nerve fiber, as mdicated m Fig AAB The effect at 
any synaptic region may again be evaluated as a smoothed summation of 
those same impulses, unless they are spaced too far apart to be summated 
smoothly, or at aU * How exactly the curve of intensity of subjective sensa- 
tion wiU duphcate the curve of excitation of the sense organ, will depend on 
how the pattern of impulses m nerve fibers is modified as it passes central 
sjmapses, for instance, by the resistance of the synapse to single impulses 
With a quahfication to be noted below, the repetitive response of a 
nerve fiber foUowmg a smgle brief stimulus apphed to a sense organ for 
touch or pnck does not mduce a repetitive sensation, that is a vibratory 
sensation This means that the lowest frequency at which the sense organ 
can cause the nerve fiber to repeat, is still too high for resolution by higher 
centers as repetitive sensation, and indicates an upper lim i t on the rate at 
which repetitive stimulation can be recognized as such Emplojung repetitive 


reason to suppose that the end-organ differs essentially from any other excitable struc- 
ture,” and he assigns to it a refractory phase similar to that of ner\'e, as a property 
of its polansable membrane He obtamed no records fimm the sense organ itself 

* This summation picture is suitable for the present representati\ e purposes, whether 
summation at synapses takes place actually by buildmg up a persistmg excitatory state 
m the neurone, or whether it mvolves the activation of auxilhary pathways which rem- 
force a first impulse by delayed impulses, or whether both events occur in comphcated 
centers Concenung the actual nature of a presumed central exatatory state, that is, a 
persistmg state of excitation at a synapse or group of synapses, support for both of the 
above views may be found m recent bterature For instance, Lorente de Nd (11) has shown 
that m the oculomotor system a volley of impulses may take two paths, one direct to a 
synapse causing an immediate post-S3maptic volley, and one by a roundabout or "reverber- 
ing” circuit over which impulse arrive later at the same synapse, causmg a scattered after- 
discharge On the other hand, Bronk (6) has shown that cells of the smgle-synapse station 
in the stellate ganghon are themselves capable of after-discharge following adequate repeti- 
tive stimulation, indicatmg a persistence of excitation at each sjmapse Whatever the ac- 
tual process occurring at a synapse or at a group of them, its effect on post-synaptic fibers 
can be represented as a smoothed curve, and this curve may be mterpreted according to 
the predilections of the reader as a persisting excitatory state, or as the mean of a senes 
of discrete excitations 

A reconciliation of these two views may be denved from some work of Lloyd (9a) on 
efferent nuclei activated vaa the pjTamidal pathways of the cord Certam large cells whose 
axones could be discretely recorded from, respond^ only after considerable summation of 
impulses from adjacent units, and then responded wath a rhythm different from that of the 
initial stimulus to the pyramids Llojd remarks, "It is probable that the highly asyn- 
chronous activity of the small units in this region constitutes a slowly changmg, sta- 
tistically smooth ov er-all excitation to the large solitary cell units, and that these latter in 
turn respond at intervals determined m part bj their own properties ” This leaves un- 
defined the exact locus of initiation of the all-or-none tjpe of response, which for the time 
being IS just ns well 

The significant point for the present discussion is the fact that impulses meet wnth 
something like inertia or impedance at synapses, such that an mcreasing effect is produced 
by successive impulses, and the energj used in overcoming this inertia may be later de- 
livered ns an after-discharge In the; the synapse is similar to a sense organ, for instance a 
prick ending where an instantaneous stimulus maj cause an effect onK after a latencv 
but the effect persrsts long after the stimulus is removed The general result is a damping 
of the excitation sequence ns in Fig 4, B D-G ^ ° 
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start, m contrast with the slow nse of the sensation of pnck The adaptation 
to steady electrical stimulation is defimtely less for either touch or pnck 
than 18 that to steady mechamcal pressure, which suggests that the chief 
adaptation is m the imtial sense organ process, while electnc stimulation 
may act beyond this, on a later stage of the excitatory sequence 

More pronoimced changes m quahty are correlated with changes of fre- 
quency and intensity of a repetitive stimulus Well above threshold, a single 
shock to either a touch or a hair endmg mduces a bnef but defimtely rough 
feehng, as if it consisted of a short penod of rapidly repetitive stimulation 
This IS not duphcated by mechamcal stimulation With high-frequency 
shocks this roughness disappears It seems possible that this sensation re- 
flects a real repetitive discharge m the nerve fiber, each impulse m the brief 
tram which follows a smgle shock registenng discretely m the central 
nervous sytem, until the rate of stimulafron exceeds that which the centers 
can foUow Failure of this phenomenon with mechamcal stimulation could 
then be accounted for by the circumstance that skm deformation would 
usually stimulate more than one endmg, even if only of one axone, and the 
impulses reachmg the centers would not be so regularly timed No such im- 
pression IS ever mduced by any stimulation of pnck endmgs 

The most stnkmg change of quahty is denved from the latter A smgle 
stimulus httle above threshold mduces only a shght pnck, if strengthened, 
a sharper pnck is followed by defimte itch If repeated, at 5 or less per sec , 
the pnck seems to be constant but the after-effect of itch builds up with suc- 
cessive stunuh Vanous combmations of frequency and strength were there- 
fore tned, with the ann of mducmg only a feehng of itch from a smgle endmg. 
Without any imtial pnckmg pam TIub result is readily obtamed with the 
combmation of weak shocks and high frequency, shocks so weak that a 
smgle one is not painful, and several are required to summate for a definite 
itch, and frequencies anywhere from 10 per sec up to a steady arc discharge 
The higher the frequency, the less the strength must be for the purest sensa- 
tion of itch, except that a steady current seems to be less effective than a 
fairly high frequency After a few seconds of effective stimulation the itch 
persists for many seconds, and just below mtensity required for frank pam, 
it IS shght exaggeration to describe it as mtolerable Stronger stimulation 
causmg pam is less disagreeable, and the itch is promptly allayed by scratch- 
ing 

Attempt to mduce tickle were less successful Weak and rapid stimula- 
tion of hair endmgs came nearest to it, touch endmgs failed completely In 
a few mstances where a pnck spot near a ham shaft happened to give the 
right combmation, the tickle seemed to be enhanced by what would otherwise 
have been a shght itch This together with common experience might lead 
one to mfer that tickle requmes stimulation of more than one endmg, perhaps 
of more than one kmd of endmg, and could be compounded of touch and itch 
m the nght proportions, — and especially if expenenced against a more re- 
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direct nerve stimuli to skm nerves m human subjects, touch fuses into a 
smooth non-repetitive sensation at not over 60 per second (9) Pain fuses 
at 30 per sec , even with strong nerve stimulation With repetitive stimula- 
tion of pnck endings, each individual stimulus of which obviously sets up a 
tram of impulses as compared to the single impulse of direct nerve stimula- 
tion, so that summation readily takes place, fusion of the sensation occurs 
at a lower frequency than with stimulation of the nerve itself The condition 
can be diagrammed as m Fig 5 H, where repetition as a sensation is a func- 
tion of the periodic fluctuation m frequency of nerve fiber discharge This is 
analogous to the conversion m radio receivers of a frequency-modulated 
earner wave to an amphtude-modulated audio wave This is essentially the 
picture obtamed by Bartley (4), for visual flicker fusion as observed m 
electneal records from the optic cortex 

In fact, by pushmg this analogy a httle farther than experimental evi- 
dence at present warrants, the passage of a sensory message from the 
penphery to the center may be pictured as an alternation of amphtude 
modulation of excitabihty m cells or junctions, and frequency modulation m 
nerve fibers conncctmg them The character of the neural message is then 
expressed m terms of frequency modulation of all-or-none, that is maxunal- 
amphtude, nerve impulses m the fiber pathways, and this wiU be converted 
to amphtude or mtensity modulation at each ceU station 

This scheme, whether hterally correct or not, may be employed as a con- 
vement graphic representation of the results of experiment^ procedures It 
suggests the apphcation of patterns of stunuh to smgle sense organs or de- 
finable groups of them, to test how the central nervous system deals with 
such patterns, as revealed m the pattern of sensation resultmg The appara- 
tus at present available dehvers only the simplest patterns, regularly repeti- 
tive stimuh of controllable number, frequency and mtensity, adequate for 
activation of one endmg at a tune Its Limitations can be obviated at the 
expense of only a shght mechamcal complexity, but it is suitable m present 
form for studymg some of the attnbutes of sensory response 

Relation of Quality of Sensation to Pattern of Sense Organ 

Stimulation 

At any given strength or frequency, the vanation m number of stunuh, 
that 18 m duration of stimulation penod, has httle or no effect on the quahty 
of sensation after the first few shocks The sensation sunply persists, with 
minor changes in mtensity of an adaptive character Pnck bmlds up to a 
maximum and then decreases shghtly Touch feels like an mitial tap, with 
contmumg steady pressure if the frequency is high Hair touch stimidation 
produces a constant sensation with httle or no decreases after the abrupt 


of II become (oo rnp.d or too slight to be followed higher centers, the sensation wall 
‘ completelj smoothed as indi- 
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On the other hand, the mterpretation put upon investigations of sensory 
response has been largely colored by subjective reports of locahzation of 
the stimulus, and by the naive inference that the findmg of a sensory "spot” 
that could be identified umquely, mdicated that this spot might be inner- 
vated by a smgle fiber, connected umquely to a correspondmg spot m the 
cortex This idea has broken down completely as apphed to the one sensory 
area where acmty of spatial discmmnation is most refined, that is m the 
retma Not only is the overlap of innervation in the neurones of the layers 
of the retma itself enough to preclude it, (8) but further overlap takes place 
at the gemculate level (11a) 

The work cited on innervation of the skm suggests that here also the 
subjective recogmtion of discrete loci of stimulation is not to be accounted 
for by simple one-to-one connections between sense organs and cortical 
neurones While pomts of extreme sensitivity are foimd m the skm, for both 
touch and pnck, by electrical stimulation as weU as mechamcal, it does not 
seem probable that these pomts are the unique loci of the characteristic end 
organs capable of givmg the same sign Around each pnck spot, however 
sharply localized, pnck can be mduced by a shght mcrease m current 
strength, and around each touch spot is a touch area capable of similar acti- 
vation The differences m strength of shock over positions havmg different 
thresholds are not sufficient to accoimt for stimulation of one central spot by 
diffusion of current, the umt such as it is, is an area covered practically 
continuously by sensory endmgs, and apparently by endmgs of more than 
one fiber 

The apparent umqueness of sensory foci must then be a function of the 
relative thresholds of such endmgs, due either to differences of mtnnsic 
sensitivity or to differences of accessibihty to the stimulus, etc WooUard 
et al (18) emphasize m fact that even with mechamcal stimuh, locahzation 
must be considered to be three-dimensional The notonous difficulty m 
identifymg histologically the umque endmgs m excised areas m which sensory 
spots had been previously located may be accoimted for m part by the 
multiphcity of such endmgs, the apparent umqueness bemg a function of 
accessibihty to stimulation 

To the extent that such considerations are vahd, the distmctions that are 
tacitly made between mechanisms for general skm sense and for special 
sense may be dispensed with, and with them may be abandoned the notion 
that any modahty is primitive, m the sense that it is served by a simpler or 
less elaborate neural mechanism Rather one may look for a general scheme 
m accordance with which the nervous system receives and handles afferent 
messages, and differentiates between the mtensity, quahty, and spatial 
extent of an excitation The function of hearmg a sound of frequency above 
what any one nerve fiber can transmit raises the same problem as that of 
recogmsmg a mechamcal vibration of frequency higher than any one skm 
toucii organ seems able to follow, and the explanation of visual acmty, when 
arrived at, should apply to the problem of skm locahzation The findmgs of 
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ceptive emotional background than that which motivates its dispassionate 
analysis 

An occasional hair endmg which could be stimulated to give hair-touch 
alone, without either pressure or pnck endmgs bemg activated, showed a 
pecuhar partial adaptation, m that, when stimulated shghtly above its 
threshold at high frequency, the sensation changed in quahty durmg the 
course of the constant-strength stimulation The imtial effect was identical 
with that caused by bendmg a haur, but this sensation faded mto a mild 
tickle, which persisted as long as the stimulation, without significant after- 
effect This IS m marked contrast to similar stimulation of pnck spots, which 
caused an mcreasmg itch with a long-persistmg after-effect To descnhe the 
one as due to partial adaptation, the other as due to summation, unphes that 
these two processes are simple opposites, and this may be an over-sunphfica- 
tion, for the hair-endmgs seem to show adaptation m the sense of respondmg 
more weakly after an imtial penod, but ^o summation m the sense that 
a repetitive stimulus results m a non-repetitive sensation Pendmg actual 
observations of nerve impulses in animals after similar stimulations, these 
terms should be taken only m a descnptive sense 

Discussion 

An adequate understandmg of the physiological basis of sensation would 
require a knowledge of the activity as well as of the structure of each umt 
along a path between the sense organ and the cortex, to match against a re- 
port of the sensation mvolved Most of the descnptions of the activity of 
parts of the central nervous system have been denved from synchronous 
stimulation of many parallel fiber pathways, on the presumption that the 
responses of similar elements synchronously activated would be eqmvalent 
to the activity of one element of pathway stimulated through a smgle fiber 
This 18 certainly only a first approximation to the truth, even allowmg that 
one element of pathway through the central nervous system probably mvolves 
a number of parallel neurones Recent anatomical work mdicates that even 
in the sensory penphery the functional umt of pathway is not a smgle fiber 
and its end-arbonsations WeddeU (15, 16) reports that groups of Meissner’s 
corpuscles not over 0 15 mm apart and innervated each by a separate fiber, 
constitute a touch spot, and that each hair may be inneiwated by two 
separate fibers Further the areas innervated by the end termmals of fibers 
presumably mediating pain m the skm overlap one with another In the 
cornea Tower (13) found that stunulation of any area withm the field of one 
fiber caused that fiber to respond, and one fiber and its branches extended 
over as much as one quarter to one half the cat’s cornea, plus neighbormg 
regions of the sclera, as indicated by recorded responses of smgle fibers to 
mechanical stimulation of the cornea Here agam overlap occurred between 
fiber fields The pathway for sensation is apparently multiple even from the 
periphery 
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other tactile endings by the different sensory effects from electncal stimula- 
tion of smtable pattern 

Itch without accompanying pnck can be ehcited by low mtensiiy, high 
frequency stimulation of pnck endmgs Itch also follows as an after-effect 
of slowly repeated stimuh, each of which causes an imtial sharp pnck The 
same sensory spot can give either touch, pnck, itch or sharp pam, aU below 
threshold for ordmary touch endmgs 

Certam theoretic^ inferences are offered as to the action of sensory end- 
ings, as mdicated by the responses obtamed by electncal stimulation 

APPENDIX 

The apparatus of Fig 6 consists of the following divisions, a high voltage rectifier and 
conventional filter, the bleeder circuit only of which is figured , a thyration stimulator con- 
sisting of tnp tube and two stages of amplification, dehvenng repetitive shocks through the 
condenser F, whose controls are ABC and E, a constant current tube controlled at D and 
a switch H, by which either constant current or repetitive pulses can be selected, an air 



Fig 6 Techmcal details of stimulator See text of appendix 


gap G and an alternate 5 M U fixed resistance, and the stimulatmg and recordmg network 
J to O With H at the left hand point, the intenmttent and steady currents from the two 
pentodes serve as a voltage doubhng device at the spark gap At the second pomt the out- 
put IS grounded making this the "off” position At the third the constant current to the 
stimulating circmt is shunted around the air gap, and at the fourth, the only path for this 
current is across the gap, resulting m a steady or very high frequency arc discharge The 
stimulatmg needle at L is a f40 wire 6 cm long whose mechamcal contact with the skm 
caxmot be felt, and m operation the spark will pass to the skm without touchmg it The 
pomt of emplo 3 Tng the air gap at G as a high resistance m senes with the skin is to mmimize 
vanations of skm resistance at the contact The resistance of dry skm even under contact 
with a clean needle may be so high that a shunt at tl of 1 or 2 M 0 will render the current 
through L mandible m its ear phone, and ineffective as a stimulus, and wide vanations m 
skin resistance occur withm fiaction of a millimeter, as mdicated by sound m the phone 
when so shunted The spark gap thus serves as an effective current controUing device m a 
circuit of variable resistance, the wider the gap is set, the leas does skm resistance venation 
affect the current 

The air gap activated by hnef unpulaes alone proved to be not only vanahle in opera- 
tion, but hmit^ m the quantity of current which would pass it in one pulse This lower 
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Derbyshire and Davis (7) that the auditory nerve fibers respond alternately 
when the frequency of stimulation exceeds the capacity of any one fiber, and 
of Bartley (2) that the cortex responds at half frequency when the fre- 
quency of hght flashes to the retma exceeds the ahihty of the cortex to re- 
spond to each, mdicate one expedient employed by the nervous system to 
overcome the limitations of its mdividual elements with respect to frequency 
of response The scheme h 3 rpothecated by Lorente de No (10) designated as 
"partially shifted overlappmg” proposes another by which it might deal 
with the hnutations of spatial distribution It may be antiapated that recog- 
mtion of quahty of sensation, exemplified crudely m peripheral terms as dif- 
ference m local Sign, wdl mvolve more than a spatial localization m the 
bram of projection areas correspondmg to sense modahties, although the 
neural mechanisms actually appropriate to this function have not yet been 
suggested The notion that pam is a function of the thalamic centers and 
discnmmation that of the cortex is presumably only the same sort of too 
simple rationalization to accoimt for quahty of sensation, as is the assump- 
tion of pomt-to-pomt correspondence between bram and periphery for 
spatial discnmmation 

Even though electncal stimulation of one endmg of one fiber may be 
possible, it does not foUow that the central nervous system transmits and 
mterprets the impulses mduced m a correspondmgly simple manner The 
chief virtue of such experimental restnction of activity to one peripheral 
element may be the demonstration that such stimulation is msi^cient to 
enable the central nervous system to obtam an adequate estimate of external 
conditions It may be inferred that the central nervous system is designed 
not pnmanly to detect discretely the activity of each endmg, however pre- 
cisely it may mcidentally accomphsh this, but rather to mtegrate the activi- 
ties of many, and even penpheral sense organ activity wdl not be satis- 
factonly analysed, at least m terms of subjective sensory response, without 
a further imderstandmg of the central mechanisms that react to it, as well 
as a knowledge of what each sense organ does to its immediate nerve fiber 

SusaiAKY 

Single sensory spots in the skm of human subjects can be convemently 
stunulated by high voltage, low current spark discharges, without mecham- 
cal deformation of the skm 

The dislnbutions of sensitivity over various regions, for touch and pnck, 
show characteristic patterns ' High” spots of extreme sensitivity to electric 
stimulation are surrounded by areas of lower sensitivity An area, varymg 
in si7e in different regions, from less than tn o mm to more than fifteen mm , 
appears as a unit m the sense that any stunulus mthm it is referred to the 
same locus 

Prick has a much loner threshold than touch, except on the balls of the 
fingers, where touch threshold is loner 

Tactile endings associated mth hair shafts can be differentiated from 
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limit IS imposed by the circumstance that a certain mitial quantity of current is utilized 
m lomzmg the air m the gap, after which the arc resistance is abruptly lowered A con- 
denser small enough to siut the present purposes loses so large a fraction of its current, 
even at high mitial voltage, m ionizing the gap that the residual voltage after ionization is 
not sufficient to cause an arc, or if the imti^ quantity of current is increased, the sub- 
sequent arc discharge through the lowered resistance may be above threshold for a sense 
endmg If there is a critical value that would be theoretically suitable, its range is too nar- 
row to be practical A value of capacity and voltage is therefore employed which is safely 
above ttug critical and unstable level, and part of the current may be wasted m the shunt 
circmt, which acts as a fine adjustment 

To overcome the mconstancy of operation of this spark, the constant current dehvered 
through the pentode and switch H is held just at discharge level, mdicated by a faint buzz 
in the phone, and this current is far below threshold for skm sense organs The variable 
condenser F is also charged by this steady current m one direction, through the grounded 
resistance to its left hand terminal, it is discharged and charged m the opposite direction 
by the impulse, addmg the two voltages at the moment of discharge, and permittmg the 
use of a very small condenser with a short time constant m the transient branch of the 
cucuit 

Two thousand ohms are shunted across each ear phone, to permit operation if the plug 
IS not inserted The tap key N employed to signal latencies of sensation, operates by 
groundmg the oscillograph mput, the amphtude of this signal depending on the value of 
resistance in senes with N The short-circuit switch if is on a rotatmg mterruptor which 
also controls the oscillograph sweep, and by adjusting the duration of the opiemng of K, 
one or more of a sequence of repetitive shocks are apphed to the skm and recorded on the 
oscillograph at each revolution of the mterruptor The apparatus is constructed to dehver 
currents making the stimulatmg needle at L cathodal, but the anode seems to be equally 
effective and construction nught be simplified by reversuig the polarity of the stimulus 
generator The body has sufficient capacity so that a ground connection is not necessary, 
except to carry the impulses to the recordmg apparatus The spark gap works more con- 
stantly if the anode is needle-pomted The condenser at F, of the radio transmittmg type, 
has a maximum capacity of about 0 0001 Mf, and fixed condensers can be inserted m 
parallel for stronger stimulation The design and construction of the apparatus are due to 
Mr R G Loeffel 


1 


REFERENCES 

Adrian, E D The messages in sensory nerve fibres and their mterpretation Proc 
roy Soc , 1931, BI09 1-18 

Bakixey, S H Some observations on the organization of the retinal response Amer , 
J Physiol , 1937, 120 184-189 

Bartley, S H Some effects of intermittent photic stimulation ■/ exp Psychol , 
1939,25 462-480 

Bartley, S H The features of the optic nerve discharge underlying recurrent vi- 
sion J exp Psychol , 1942, 30 125-135 

Bronk, D W Fatigue of the sense organs in muscle J Physiol , 1929, 67 270-281 
Bronk, D W Sjmaptic mechanisms in sympathehc ganglia J Neurophysiol 1939. 
2 380-401 J > 

Dfrbi SHIRE, A J , and Davis, H The action potentials of the auditory nerie 
Amer J Physiol , 1935, 113 476-504 

Hartline, H K The response of single optic nerve fibers of the vertebrate eye to 
illumination of the retina Amer J Physiol , 1938, 121 400-415 
8a Hartlinf, H K , and Graham, C H Nerve impulses from single receptors in the 
eye J cell comp Ph\ swl , 1932, 1 277-295 

9 Hfinbfcker, P . Bishop, G H , and O'Leary, J L Pam and touch fibers m 
penphoral nerves Arch Neurol Psychiat , Chicago, 1933, 29 771-789 

pit no” 194^ ^ cats J Neuro- 

!^!!^"^ 1934 ,' 4 G ^ 13 -^ 7 '^'” structure of the cerebral cortex 11 J Psychiat 


8 


5)i 

10 

n 



384 NACHMANSOHN, COX, COATES AND MACHADO 


was tested by Gerard and his associates (9, 10) In ordinary nerves, however, 
only general estimates are possible smce both electrical and chemical changes 
are too small for such studies The large electric organ of Electrophorus electri- 
cus offers a smtable matenal for comparmg electrical and chemical changes of 
the action potential smce both are m the range of possible measurement Ex- 
periments earned out on these organs and described m this paper show that 
the energy mechamsm of the action potential is fundamentally identical with 
that used m muscular contraction 


METHODS 

a Phosphates The method of Fiske and Subbarow as apphed by Lohmann (16) was 
used The tissue frozen in hqmd nitrogen was ground in iced trichloracetic acid (6 per cent) 
and filtered For the determination of the true inorganic phosphate an ahquot portion of 
the filtrate was taken and withm less than three minutes added to a solution of ammomum 
magnesium citrate prepared according to Mathison (17) Another fraction ofthe filtrate was 
directly analyzed, mdicating the true inorganic phosphate and phosphocreatine phosphate 
A third fraction was hydrolized in N HCl at 100°C for 15 ram to obtam the phosphate of 
adenosmetnphosphate For the determmation of the total phosphate one fraction was 
ashed with 2 N sulfunc and mtne acids A photoelectric colorimeter was used 

b Lactic acid The method described by Barker and Summerson (2) was used m which 
a pink color was developed by p-hydroxydiphenyl This detenmnation also requires a 
photoelectric colorimeter 

c Creatine The creatme was transformed into creatimne and detenmned by Fohn’s 
open flask method 

Results 

A Distribution of phosphorylated substances and creatine The presence of 
phosphocreatme m the electric organ was first desenbed by Kisch (13), who 
suspected that this compound rmght be connected with the activity of the 
organ Baldwm and Needham studied a senes of enzymatic reactions m ex- 
tracts of the electnc organ, particularly those connected with phosphoryl- 
ated compoimds They showed that some of the mam steps known to occur 
m mtermediate muscle metabohsm also occur m those eirtracts (1) 

The observations mentioned above were earned out on the electnc organ 
of Torpedo In the electnc organ of Electrophorus electneus, the concentration 
of phosphocreatme is as high as m stnated muscle and m some cases even 
considerably higher (see Table 1) In specimen No 1 the values of phospho- 
creatme are on the average about 2 mg PjOt per gm , which is a concentra- 
tion about 50 per cent higher than m frog’s muscle This is particularly re- 
markable m an organ with 92 per cent water content The concentration of 
adenosmetnphosphate (ATP), although lower than m muscle, is stdl high 
0 2-0 4 mg PsOs of ATP phosphate In contrast to the vanations of chohne 
esterase the distnbution of phosphate and phosphorylated substances does 
not decrease from the head to the caudal end of the mam organ 

Creatme is also evenly distnbuted and the concentration is higher than m 
muscle and m the electnc organ of Torpedo About 600-600 mg per 100 gm 
of electnc organ were foimd m medium sized specimens as compared with 
300-400 mg m stnated muscle In the Bundles of Sachs, which releases much 
less energy per gm, than the mam organ, both phosphocreatme and creatme 
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Introduction 

Recent investigations suggest that the release of acetylcholine is intrinsi- 
cally connected with the nerve action potential and may be responsible for 
the electrical changes occurrmg at the neuronal surface dunng nerve activity 
(7, 19'24) The new concept of the physiological role of acetylchohne is based 
mainly on the foUowmg facts (i) on the high concentration of chohne es- 
terase m nerves, which shows that significant amounts of acetylchohne can 
be metaboli 2 ed withm milliseconds, (u) on the localization of chohne esterase 
at the neuronal surface, and (m) on the close paraUehsm between the con- 
centration of chohne esterase and the maximum voltage of the action po- 
tential which may be demonstrated on electee organs 

The changes at the neuronal surface durmg activity and their rapid 
reversal cannot conceivably be effected without energy loss, smee they must 
mvolve processes which are — from the thermodynamic pomt of view — 
irreversible, and can only be reversed by the free energy of chemical reactions 
If the release of acetylchohne and its subsequent breakdown is responsible 
for the alterations of the nerve membrane durmg the transmission of the 
nerve unpulse, chemical reactions must supply the energy for the resynthesis 
of acetylchohne 

The most readily available source of energy for endergomc hfe processes 
18 the energy of phosphate bonds In muscle, the breakdown of adenosmetri- 
phosphonc acid appears to be the primary energy source for the contraction, 
possibly duectly connected with the mechamcal changes (4, 18) The adeno- 
sinediphosphate formed is rephosphorylated by the breakdown of phospho- 
creatme, a phosphate shift which occurs without loss of energy Phospho- 
creatme thus acts as a "storehouse” or "accumulator” for energy nch phos- 
phate bonds (14) Ever smee phosphocreatme was found m nerve it was as- 
sumed that it may have a function there similar to its function m muscle 
and may yield the energy for the action potential (6, 8, 11) This possibihty 
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The number of discharges during each penod of stimulation was roughly 
counted by watchmg a cathode ray oscdlograph connected to the electrodes 

Three such observations are recorded m Table 3 The experiments show 
that the developments of the action potential are assoaated with breakdown 
of phosphocreatme Moreover, at the tune when the fish shows marked 
fatigue, phosphocreatme has fallen to a low level In Expt no 3 for instance 
the organ appeared durmg the second penod of stimulation to be very 
fatigued The phosphocreatme level was already low at that penod When, 
after 3 nun rest, stimulation started agam, the organ appeared nearly com- 
pletely fatigued and dunng twelve mmutes of proddmg only a few discharges 
of low voltage occurred Dunng this penod the phosphocreatme did not 
change measurably 0 39 and 0 35 mg PsOs of phosphocreatme phosphate 
respectively were found 

The rate of recovery appears to be slow In experiment 1 for mstance 
there is no measurable rea 3 mthesi 8 of phosphocreatme after 6 mm rest on 
the table and 20 mm recovery m water Only after 20 more mm m water a 
synthesis had occurred The imtial value was m this case rather low, so that 
the S 3 mthesis is still rather small, although the amount is nearly as high as 
before the stimulation penod 

C Correlation between electric energy and chemical energy released by 
breakdown of phosphocreatme By the experiments just descnbed the break- 
down of phosphocreatme was Imked to the discharge A quantitative com- 
parison was next undertaken between the energy released by the breakdown 
of phosphocreatme and the electnc energy delivered to the external circmt 
m a large number of discharges The number of discharges was counted by 
means of an electnc "scahng circmt” by which every sixteenth discharge was 
mdicated The oscillograph was used with a camera to obtam photographic 
records of the voltage A number of exposures were made at different tunes 
durmg the penod of stimulation The electnc power released externally is 
V VR, where R is the resistance of the external cucmt and V is the voltage 
between its termmals The voltage vanes contmuously durmg the impulse 
but IS shown at each instant by the oscillographic trace The instantaneous 
power could thus be computed at a number of different instants durmg the 
discharge, and from this computation a graph of the power vs the tune could 
be drawn Smce the energy is the tune mtegral of the power, its value could 
be found by a graphical mtegration of the power-tune graph 

The cross section of the organs could not be measured duectly, smce the 
fish were not killed, but the girth of each fish was measured and the cross- 
sectional area was estimated by comparison with sections of other electnc 
eels on the assumption that the area is proportional to the square of the 
guth The fish were all of similar size, so that ^e relative areas were probably 
determmed m this way with fair precision Prom the average energy of one 
impulse and the estimated volume, the energy per unpulse per gm of electnc 
tissue was computed, the specific gravity bemg taken as imity 
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are markedly lower than in the mam organ Only 0 3-0 4 mg. PjOs were 
found as phosphocreatme per gm of electric organ The creatine content 
was 250-300 mg per 100 gm No ATP was foimd, although it is probable 
that the compoimd is present and that the amounts are too small for deter- 
mmation by mdirect estimation m the presence of the other phosphates 


Table 1 Concentration and distribution of phosphocreatme (PhCr) and adenosinetnphosphate 
(ATP) in the electnc organ of Electrophorus electncus Four samples of the 
second specimen were taken from the Bundles of Sachs (B o S) 


Speci' 

men 

No 

Distance 
from the 
anterior 
end cm 

PiO. 
directly 
determ 
mg /gm 

PhCr 
in mg 
P-.Oi 
per gm 

ATP 
in mg 

per gm 

^ Total 

j P=Oi 

mg /gm 


5 j 

3 17 

1 2 23 

! 0 19 

) 3 43 


1 

2 98 

1 2 08 

I 0 20 

i 3 03 

1 

1 

8 1 

I 3 15 

' 1 76 

1 0 19 

i 3 60 














25 

1 3 30 

j 2 41 

0 16 

1 3 57 



1 3 07 

1 2 14 

1 1 10 

1 3 57 

CO 

o 

t 2 94 

1 1 90 

1 0 25 

3 32 

1 6 

1 2 61 


j 0 39 

' 3 16 

1 

1 

1 2 40 

1 1 40 

— 

3 11 

1 8 

' 2 35 

1 1 39 

0 32 



1 

2 72 

' 1 27 

' 0 39 

i 

i 27 

^ 2 35 

1 1 50 



2 76 

0 






1 30 

1 2 54 

1 27 

1 0 39 



1 

1 

1 2 54 

( 1 21 

0 31 

1 — 

68 

1 0 59 

, 0 43 

1 0 

1 0 74 

1 BoS 

0 59 

' 0 37 

' 0 

, 0 84 

63 

. 0 57 

0 34 



__ 

' BoB 

' 0 54 

0 37 

1 0 

— 


B Breakdown of phosphocreatme as result of discharge A few prehmmary 
experiments were earned out to see whether phosphocreatine is spht as a 
result of the electnc discharge The fish was taken out of water and laid m 
an insulating trough m which two electrodes 10 cm apart made contact, 
each over an area of some cm with the skm covermg the mam electnc 
organs These were joined by a resistance of 30 to 100 ohms m order that 
the discharge should release energy^ by an electnc current A piece of electnc 
organ from the part between the electrodes was rapidly cut out and thrown 
into liquid nitrogen After xaryang penods of stimulation by hght proddmg 
nllernating mth penods of rest, other pieces were cut out and similarly frozen 
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In the first experiment, the numher of discharges was 320 The resultmg 
breakdown of phosphocreatme was smaU for quantitative measurement, and 
m the next two experiments the number was mcreased to 800 The energy of 
the phosphocreatme breakdown per gm and impulse m these three expen- 

Table 4 Breakdown of phosphocreatme (PhCr) in the electric organ of Elcctrophorus 
dectricus during the discharge Number of discharges 1600 a before, b after period of stimu- 
lation c of exp No 6 was taken after 65 min recovery in water Figures separated bv a line 
indicate values obtained by using different pieces, otherwise control determinations by using 
extracts of the same piece 


Eip 

No 

1 

a b 

o 

a b 

3 

a b 

4 

A b 

a 

B 

b 

a 

0 

b 

0 

a 

7 

b 

PtO» dircctlj deter- 

2 00 

l B8 

1 04 

1 77 

I 82 

l 80 

1 02 

I 09 

2 23 

2 13 

2 21 

2 OS 

2 11 

1 DC 

1 no 

mined mR /g,m 

1 03 

1 01 

1 93 

1 70 

1 78 

1 81 

1 96 

1 80 

2 24 

2 25 

2 07 

2 or 

2 12 

1 96 

1 ns 




1 83 








2 12 





1 98 

PhCr in 


{Q[ 

0 66 

0 S4 

0 52 

0 88 


1 28 


1 CD 

1 18 

1 42 

0 75 

1 03 

0 66 

QVHj 

rog P*Oi 


t 14 

0 41 

0 81 

0 17 



1 28 


1 CD 

1 17 

1 41 

0 76 

1 01 

0 7D 

0 ID 


emglo 

0 98 

EEl 

1 12 

0 67 

0 82 

0 83 

1 33 



1 18 

1 34 

0 07 

1 10 

0 6C 

0 42 


1 01 

0 62 

I 12 


0 81 

0 87 

I 24 



1 08 

1 33 

0 02 

1 10 


301 




0 67 







1 05 

1 11 



■ 

■ 

0 43 











1 00 




■ 

■ 

0 17 


ft>cmce 

1 07 

0 so 

0 98 

0 616 

0 85 

0 765 

1 28 

0 90 

1 07 

1 10 

1 376 

0 70 

1 00 

0 01 

0 316 


spilt 


0 4es 

0 <m 

0 3S 

0 SI 

0 67S 

0 S9S 


Table 5 Breakdown of phosphocreatme (PhCr) in the electric organ of Elcctrophorus 
electricus during the discharge Number of discharges 1600 a before, b after disdiarges 


Expt 

No 

Time 

of 

PtO. 
directly 
detenu 
mg /gm 

PhCr 

m mg PiOi 

Expt 

No 

Time 

of 

p.o. 

directly 
determ 
mg /gm 

PhCr 

m mg P:Oi 

excision 

per gm 

split 

excision 

per gm 

spht 

8 

a 

b 

2 38 

1 89 

1 52 

1 05 

0 47 

12 

a 

b 

1 98 

1 92 

1 36 

0 94 

0 42 

9 

a 

b 

1 85 

2 10 

1 15 

0 97 

0 18 

13 

a 

2 00 

2 27 

1 346 
112 

0 225 

10 

a 

b 

1 89 

1 99 

1 235 

0 886 

0 35 

14 

H 

2 01 

2 05 

1 30 

0 926 

0 375 

11 

a 

b 

1 76 

1 60 

1 07 

0 79 

0 28 

16 

a 

b 

1 69 

1 65 

0 97 

0 67 

0 30 


ments had the values 34 4, 36 9, 86 0 g Cal X 10~® as compared with values 
9 9, 14 3, 7 0 for the external electnc energy Even with 800 discharges the 
breakdown of phosphocreatme was smaller than was desirable Smee no 
fatigue was evident durmg 800 discharges the number was mcreased to 1600 
m all the foUowmg expenments This number seemed about optimum, as 
fatigue, when it was detectable at all, was evident only toward the end of the 
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It was found that the electnc energy was regularly near its maxiniuni 
when the resistance was 100 ohms Consequently this resistance was used in 
all experiments after the first few In every experiment, immediately before 
and after the counted senes of discharges, a piece of electnc tissue was 
qmckly cut out and thrown mto hqmd mtrogen and the phosphocreatme was 
later detemuned The energy released per gm of electnc tissue by the break- 


Table 2 Concentration of creatine in different sections of the dectnc 
organ of Electrophorus dectncus 


Specimen No 

1 

2 3 

Distance from the an- 
tenor end m cm 


10 

30 1 45 

10 

1 60 1 near 

40 1 B o S 1 ant 

mg tissue used j 850 1 548 

522 1 512 , 567 ^ 621 

' 1 

490 , 521 1 543 , 669 

Creatine mg per gm 

490 

548 

526 \ 649 , 530 \ 490 j 550 \ 300 , 260 603 


Table 3 Breakdown of phosphocreatme (PhCr) during the discharge of the 
dectnc organ of Electrophorus dectncus 

I a before, b after stimvd (13 nun , about 2000 discharges), c 5 nun later (fish kept 
in air) d after 20 min m water, e after 20 more mm in water II a before, b after stunul 
(5 min , about 500 disch ) c 11 mm rest, then 10 mm stun (about 800 disch ) d 7 mm 
rest then about 200 disch , marked fatigue III a before, b after stunul (12 mm , about 
2000 disch ) c 3 mm rest, then 4 mm stimuL (about 700 disch ), marked fatigue, d 3 mm 
rest, then 12 mm stunul , nearly completely fatigued 


Exp 

No 

P-0, 1 

directly j 

determ j 

mg gm 1 

PhCr 
in rog 

P-O* 
per gm 

ATP j 

m mg 1 

P.0, 1 

per gm 

Total 

P.0, 

: mg /gm 


a 

1 89 

0 81 

0 23 

1 2 15 


b 

1 93 

0 35 

0 25 

I 


b 

j 2 04 

\ 0 49 

0 17 1 

' 

I 

C 1 

2 01 

0 32 

— 

! 2 19 


d 

1 94 

1 0 27 

! 0 25 




e 

1 2 04 

1 0 85 \ 

1 0 17 

2 23 


1 a 

1 2 95 

2 07 

0 12 

j 3 23 


i b 

3 00 

1 57 

0 22 

3 26 

11 


2 72 

0 86 

0 13 

1 2 86 


1 ^ 

’ 2 85 

0 96 

0 19 

1 3 10 


1 i 

1 2 23 

1 I 23 

0 12 

1 2 35 



1 2 03 

0 49 

0 10 

} 2 15 

in 


[ 2 06 

' 0 39 

0 10 

1 2 16 



1 d 

' 1 96 

1 0 35 

0 06 

' 2 07 


down of phosphocreatme was dmded by the number of discharges to give 
the energy- per gm per unpulse for comparison with the electnc enerev' reck- 
oned on the same basis 
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control determinations were made of the true morgamc phosphate Each 
value obtamed was thus controlled several tunes Smce the two parts of the 
same piece generally showed a fairly good agreement, m the later experi- 
ments (No 8-15, Table 5) the pieces were not divided, but stiQ two controls 
were always made from each piece The figures given m Table 5 are mean 

Table 7 Lactic acid (L A ) formation in the electric organ compared with the breakdown 
of phosphocreatine and the electrical energy released externally by the action potential Number 
of discharges 1600 External resistance 100 il a) before b) immediately after stimulation 
c) during recovery 


Expt 

No 

mg 

tissue 

used 

LA 

mg /gm 

LA 
formed 
mg /gm 

Energy released per gm &. unpulse 

Cal X10-« 

by LA 
formation 

by break- 
down of 
PhCr 

by the two 
chemical 
reactions 

external 

electncal 

energy 

8 

a 296 
b 305 
c 600 

0 169 

0 226 

0 221 

0 057 

10 1 

41 4 

51 5 

7 1 

1 

9 

a 307 
b 305 
c 323 

0 143 

0 480 

0 489 

0 337 

37 6 

16 0 

63 5 

10 5 

10 

a 478 
b 447 

m 

0 117 

12 8 

31 0 

43 8 

7 8 

11 

1 

a 684 
b 424 
c 890 

m 

0 136 

15 1 

24 7 

39 8 

^ 6 7 

13 

a 472 
b 339 

0 379 

0 516 

0 137 

15 2 

19 8 

36 0 

4 4 

14 

a 623 
b 718 ! 

0 262 

0 392 

0 130 

1 

14 4 

1 

33 0 

47 4 

6 5 

15 

a 694 
b 614 

0 362 

0 474 

0 112 

12 6 

26 4 

38 9 

5 4 


Average 0 147 16 8 27 S 44 3 6 8 


values smce the differences between the two controls were without exception 
not significant 

The piece taken after stimulation was at first excised from the same region 
as that for the mitial value Smce it appeared likely that the hole made by 
the first mcision would change the current m the adjacent region, m later 
experiments two completely separated cuts were made However, no dif- 
ference became apparent between these two procedures The tune durmg 
which the discharges occurred was relatively short In the first few expen- 
ments it was generally 3 to 5 mm , later it did not exceed 2 mm Smce the 





































PHOSPHOCREATINE AND ACTION POTENTIAL 389 

senes and was even then usually shght The amount of phosphocreatme 
spht, on the other hand, was sufficiently large, yet the phosphocreatme did 
not fall to too low a concentration 

It caxmot be expected that all specimens will be m the same condition 
There is a short penod— usually about one mm — after they are removed 
from the water and before the first piece of tissue is cut During that penod 


Table 6 External energy released by a section of the electric organ of Electrophorus 
electricus compared with the energy released by phosphocreatme breakdown in the same section 
during the same period Length of section 10 cm The external resistance was 100 Q Number 
of discharges 1600 


Expt 

No 

Length 

cm 

Measured 

section 

Electrical energy 
externally 
released 

PhCr ' 
Spbt 
in whole 
section 
m mg 
PiO, 

P en- 
ergy in 
whole 
section 
Cals 

PhCr 
split 
in mg 
PiO. 
per 
gm 

P en- 
ergy 
per gm 
& im- 
pulse 
Cal 

xio-< 

Girth 
cm 1 

estim 

volume 

cc 

- 

whole 

1 section 
j Cals 

1 

Per gm 
& im- 
pulse 
Cal 

xio-* 

1 

185 

36 6 

400 

i 9 2 

14 5 

228 0 

32 0 

0 57 

50 2 

2 

179 

36 0 

380 

5 9 

9 7 

176 5 

24 9 

0 465 

41 0 

3 

182 

36 5 

390 

' 5 6 

9 0 

37 8 

5 3 

0 097 

8 5 

4 

185 

39 0 

440 

; 5 6 

7 9 

141 0 

19 9 

0 32 

28 3 

5 

1 161 

34 5 

350 

' 5 3 

9 6 

178 5 

25 1 

0 61 

44 8 

6 

1 167 

‘ 38 5 

430 

’ 5 4 

7 8 

290 0 

41 0 

0 67 

59 0 

7 

1 172 

35 6 

370 

! 6 0 

8 5 

109 0 

15 4 

0 295 

25 9 

8 

171 

1 37 5 

410 

i 4 7 

7 1 

192 5 

27 0 

0 47 

41 4 

9 

! 182 

1 36 7 

500 

1 6 7 

10 5 

72 0 

10 2 

0 18 

' 15 9 

10 

1 183 

1 35 

360 

1 4 5 

' 7 8 

126 0 

17 8 

0 35 

31 0 

11 

182 

38 

420 

4 5 

6 7 

118 0 

15 7 

0 28 

24 7 

12 

, 171 

37 5 

410 

6 3 

8 5 

, 172 0 

24 2 

0 42 

36 3 

13 

1 161 

37 5 

410 

2 9 

4 4 

92 0 

13 6 

0 225 

19 8 

14 

, 190 

38 

420 

3 7 

6 5 

157 5 

22 2 

0 375 

33 0 

15 

181 

5 36 5 

390 

3 4 

5 4 

117 0 

16 4 

0 30 

26 4 


Average 


5 5 

6 2 

147 2 

20 7 

0 369 

32 4 


some of them may give many discharges, others only a few Vanations of the 
imtial concentration of phosphocreatme have therefore to be expected in- 
dependently of the mdividual vanations which may occur m the mitial value 
m optimal conditions 

The results of phosphocreatme determination of 15 experiments earned 
out with 1600 impulses are summanzed m Tables 4 and 5 The vanations are 
m reasonable limits and the deviations from the average value not greater 
than those usually found for the breakdomi of phosphocreatme for a given 
number of imtches of an excised frog’s muscle Only m Ex-pt no 3 an ex- 
ceptionally low value was obtained which may be due, partly at least, to the 
relatively low initial value In the first seven evpenments (Table 4) each 
piece was dnided m 2 or e\en 3 parts while frozen and with each part two 
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the total electee energy to that released hy the breakdown of phosphocrea- 
tme 

D Lactic acid formation Heat production during nerve activity was 
demonstrated at a penod — in 1926 — when lactic acid formation was stiU 
considered to be an essential and primary process of muscle contraction 
The first mvestigations on a possible formation of lactic acid connected with 
nerve activity were either negative or doubtful Holmes, Gerard and Solo- 
mon (12) found a shght rise of lactic acid m frog's sciatic after prolonged 
stimulation (5 mg per cent) but none m rabbit’s nerve Referred to the 
energy required the amount of 5 mg per cent, if correct, is qmte considerable 
But with the chemical methods then used it is close to the hunt of possible 
measurement From experiments on nerves poisoned with lodoacetic acid, 
Feng concluded, m 1932, that formation of lactic acid, although not essential 
to nerve activity, is reqmred if the nerve is to endure prolonged activity m 
oxygen (5) Addition of sodium lactate to poisoned nerve improved its capacity 
for prolonged activity m oxygen The facts were confirmed by Chang and 
Gerard (3) 

The formation of lactic acid as a result of the action potential was studied 
on the electee organ In the experiments No 8-15 desenbed in the precedmg 
paragraph the pieces of electee tissue while frozen were spht and one part was 
used for the determmation of phosphocreatme, the other for lactic acid 
After 1600 discharges the amount of lactic acid formed per gm of tissue was 
about 0 15 mg on the average (see Table 7) The restmg value varied be- 
tween 0 15 and 0 35 mg lactic aad per gr If we assume that 1 mole of lactic 
acid formed releases 16,000 g Cals without neutrahzation heat, the energy 
supphed by the lactic acid formed is on the average 16 Xl0~* g Cals per gm 
and impufe In the 7 experiments summarized m Table 7 the external elec- 
trical energy released per gm and impulse was on the average 6 8X10"* 
g Cals , the energy released by the breakdown of phosphocreatme 27 5 XlO"* 
g Cals 'Thus the external electric energy amounts to only 15 per cent of that 
of the two chemical reactions The actual ratio of external electrical to chenn- 
cal energy is stdl smaller smee at least the oxidation energy has to be added 

Smee lactic acid formation is certainly a recovery process and could there- 
fore occur at a delayed penod, m a few experiments a third piece of tissue was 
cut 5-6 mm after the end of the stimulation penod The fish was contmu- 
ously imder control of the oscillograph and the piece was not taken if no 
more than a few discharges had occurred Experiments No 8, 9 and 11 show 
that no delayed lactic acid formation occurred dunng 5 to 6 min after the 
end of stimulation They also show that, at rest, no measureable lactic acid 
formation occurs durmg such a penod 

Discussion 

The experiments desenbed above offer evidence that the breakdown of 
phosphocreatme is adequate to account for the electee energy released by 
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lactic acid formation is small and the rate of respiration low, the Qo, bemg 
about 0 3 to -0 4, it seems probable that durmg this period there is only a 
neghgible resynthesis and that the amount of phosphocreatme actually 
spht IS not markedly different from that measured This is supported by the 
result of Expt no 15 m which after 65 mm rest m water only two thirds of 
the phosphocreatme spht durmg the stimulation period was re^thesized 
The observations on the extern^ electnc energy released by 1600 discharges 
are summarized m Table 7 and compared with the energy released by the 
breakdown of phosphocreatme The calculation of the energy of the phos- 
phate bonds IS based on the assumption that one mole of phosphocreatme 
yields 10,000 g Cal 

Per gm and unpulse the average energy released by the breakdown of 
phosphocreatme is 32 Xl0-« g Cal The average external electnc energy per 
gm and impulse is approximately one fomrth of this, bemg 8 2 X 10~* g Cal 
It would be desirable to compare the energy released by the breakdown of 
phosphocreatme with the total electnc energy produced by the organ instead 
of with the part only which was dehvered to the external resistance Any sys- 
tem which can be characterized by an electromotive force and an mtemal 
resistance wdl dehver maximum power to an external circuit having a re- 
sistance equal to the mtemal resistance In this case the power spent m 
mamtammg the current through the mtemal resistance is just equal to that 
dehvered externally, so that the external power is half the total power If the 
mtemal resistance is vanable, as that of the electnc organs probably is durmg 
the discharge, then it can not be matched at every instant by any constant 
external resistance The maximum external energy wdl then be somewhat 
less than half the total energy But measurements made on a number of 
oscillographic traces m the present experiments mdicate that the ratio of the 
maximum external energy to the total wdl not be much different whether it is 
the mtemal resistance or the electromotive force or both which vary durmg 
the discharge The reason for this is that the voltage rises rapidly to a maxi- 
mum and then remams fairly uniform for most of the duration of the dis- 
charge, before faUmg rapidly at the end Thus most of the electnc energy 
18 generated durmg a tune when the electncal characteristics of the tissue 
are fauly constant, and consequently it makes httle difference for the present 
purpose which characteristic is vanable durmg the rest of the time If there- 
fore we could be sure that the external energy we measure is the only energy 
dehvered outside the electnc tissue, it would be possible to say that the total 
electric energy is about twice that measured externally and about half that 
released by the breakdown of phosphocreatme But some energy must be 
spent m producing a current in the non-electnc tissue, adjacent to the elec- 
tnc organs, and this escapes our present measurement The conclusion from 
the observations made so far is that the maximum electnc energy dehvered 
to an external resistance is about one fourth, and the total electnc energy 
at least half of that released by the phosphocreatme breakdown Further 
experiments, however, are necessary to ascertam more defimtely the ratio of 
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The adenosmediphosphate is immediately rebuilt to ATP by the breakdovm 
of phosphocreatme The creatme is rephosphorylated either by the pbospbo- 
pyruvic aad, ATP actmg agam as mtermediate ("Pamas reaction”) or by 
the oxydative breakdown of pyruvic acid Smce the release of the ACh 
starts the whole cham it may be called the '‘acetylcholine cycle ” It has still 


phosphopy r uvate 



The ''acetylcholine cycle” 

ATP "adenosmetnphosphate 
ADP oadenoBinediphosphate 
^P • energy nch phosphate bond 


to be ascertamed which may be the mtermediate phosphoryiated link be- 
tween ATP and acetylchohne One possibibty is the formation of acetylphos- 
phate, the compound descnbed by Lapmann (15) Phospborylcbobne may 
also be the mtermediate exchangmg ite phosphate with acetate 

SUAOIARY 

Breakdown of phosphocreatme and formation of lactic acid as a result of 
the discharge were detenmned on the electnc organ of Electrophorus electri- 
CU3 The energy supphed by these two cherracal processes was compared with 
the electrical energy released The followmg results were obtamed 

1 The external electncal energy per gm of tissue and impulse is on the 
average 8 2 XlO~® g calones The total electncal energy is at least twice as 
high The amoimt of phosphocreatme spht supphes per gm and impulse on 
the average 32 8 XlO“* g calones, that is four tunes as much as the external 
electncal energy 
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the action potential of the electnc organ The externally released electnc 
energy per gm and impulse is about 8 microcalones, the total electnc energy 
at least twice as much, whereas the phosphocreatme spht yields about 32 
microcalones The heat production observed m ordinary nerves is of the 
same order of magmtude as the energy changes observed m the electnc organ. 
The total heat production m the crab nerve per gm and impulse is about 
35 XlO"' g Cals In frog’s nerve it is about 4-5 X10“* g Cals at 0°C and 10~* 
g Cals at 20'’C Quantitative differences are always possible even if the 
process is fundamentally identical The phosphocreatme content of nerve is 
markedly lower than that of the electnc organ, although referred to the ac- 
tive surfaces the difference may be small The heat production m electric 
tissue has not yet been measured It wdl probably be somewhat higher than 
m crab’s nerve smce phosphocreatme breakdown and lactic acid formation 
already yield 44 XIO""® g Cals per gm and impulse and the oxidation heat has 
stiU to be added But the order of magmtude is still the same Former obser- 
vations suggest that the primary alterations dunng the action potential are 
connected with the release and breakdown of acetylchohne The present ob- 
servations are consistent with the conclusion that phosphate bonds may be 
used to resynthesize acetylchohne It is not known how much acetylchohne 
is actually released durmg the discharge But the amoimt which can be 
spht durmg the duration of a discharge may give an mdication of the amount 
possibly mvolved m the process, if we assume that acetylchohne is released 
durmg that period at a rate which is of similar order of magmtude to that at 
which it can be spht The duration of a smgle discharge is about 3 milh- 
seconds 1 gm of electnc tissue can spht about 1 iig of acetylchohne durmg 
that period, that is 5 X 10-® milhmoles But it is not probable that this whole 
amount is actually released smce it is reasonable to assume that the enzyme 
which has to remove the active compound is present m excess The amount 
of phosphocreatme spht per gm and unpul^ is about 0.7 ng. or 3X10~' 
milhmoles Thus the amounts of acetylchohne and phosphocreatme metabo- 
hzed per gm and impulse seem to be of the same order of magmtude even if 
we assume that chohne esterase is present m a concentration of about 2-5 
tunes in excess of that necessary to remove the acetylchohne released at a 
sufficiently high rate This suggests that acetylation of chohne occurs by 
means of an endothermic phosphorylation Evidence showmg that it is really 
so will be offered m the foUowmg paper 

The formation of lactic acid mdicates that the phosphocreatme spht may 
be partly resynthesized by the "Pamasreaction,” i e by the transfer of P 
from phosphopyruvic acid, ATP actmg agam as mtermediate. The lactic 
acid formation is however small and the greatest part of the energy required 
for the s>mlhesis of phosphocreatme may be denved from the oxidation of 
pyruvic acid (or glucose) 

Thus the following cham of reactions started by the breakdown of ACh 
may be iisualized (Fig 1) ATP pelds one phosphate for the resynthesis’ 
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22 Nachmansohn, D , Cox, R T , Coates, C W , and Machado, A L Action poten- 
tial and enzyme activity in the electee organ of Electrophorus dectricus (Linnaeus), 
J Neurophysiol , 1942, 5 499-516 

23 Nachmansohn, D , and Steinbach, H B Localization of enzymes m nerves I Suc- 
cinic dehydrogenase and vitamin B J Neurophyswl , 1942, 5 108-120 

24 Nachmansohn, D , Steinbach, H B , Machado, A L , and Spiegeiman, S Local- 
ization of enzymes m nerves II Respiratoiy enzymes J Neurophysiol , 1943, 6 203- 
211 



395 


PHOSPHOCREATINE AND ACTION POTENTIAL 


2 The amovmts of acetylchohne and phosphocreatine metabohzed as 
result of the discharge are of the same order of magnitude This suggests that 
the energy of phosphate bonds is used for the resynthesis of acetylcholine 

3 The discharge leads also to lactic acid formation supplying an energy 
of 16 8 XlO-' g calories per gm and impulse The cham of reactions supply- 
mg the energy required to restore the restmg condition of the electric organ 
thus appears to be fundamentally identical with those which are the source 
of energy m muscle contraction 

The electric ecaling circuit was constructed in the Physical Laboratory of New York 
University by Dr M Vertner Brown of the Department of Physics of the College of the 
City of New York We wish to eicpress our thanks for the use of it 
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Results 

According to Quastel and his associates acetylcholine is formed m bram 
shces under aerobic conditions only and if glucose or pyruvate is present (7) 
For the study of the mechanisms of enzjone reactions cell free ei^acts have 
to be used, as has been shown repeatedly Experiments are presented m this 
paper in which ACh synthesis has been demonstrated m ceU free extracts 
under anaerobic conditions The mechanism mvolved as weU as some of the 
properties of the newly isolated enzyme wiU be described m the foUowmg 
A M meed or homogenized tissue Formation of ACh m presence of adeno- 
smetnphosphate (ATP) imder anaerobic conditions was at first tested with 

Table 1 Formation of acetylcholine {ACh) in finely minced or homogenized tissue, suspended 
in Ringer-bicarbonate solution in COt-Nt atmosphere, in presence of adeno- 
sinetnphosphate Choline chloride, sodium acetate and 
esenne sulfate were added 


Exp 

No 

Tissue 

1 

! 

Kind of 
preparation 

Addition 1 

Dura- 

tion 

mm 

/ig ACh formed 

per 

vessel 

per 

gm 

per 

gm /hr 

1 

frog’s brain 

1 finely minced 

— 

86 

6 0 

40 0 

28 0 

2 

electnc or- 
gan 

1 

1 

finely mmced 

j 

90 

12 7 

86 0 

57 5 

3 

frog’s brain 

finely mmced 

— 

100 

2 0 

14 6 

8 7 

4 

frog’s brain 

homogenized 

— 

85 

i 

0 

0 

0 

fluonde 
12X10-’ M 


19 2 

135 0 

95 0 

6 

rat’s brain 

mmced 

fluonde 

25 X10-’ M 1 

1 j 

0 

1 0 

0 


homogemzed 

80 

[ 18 3 

61 0 

46 0 


finely mmced tissue The tissue was suspended m 3 0 cc frog’s Rmger- 
bicarbonate solution m Warburg vessels Two frog brains were used per 
vessel The foUowmg additions were made 1 2 mg of chohne chlonde m 0 1 
cc , 1 5 mg of sodium acetate m 0 1 cc and 0 6 mg esenne sulfate m 0 1 cc 
0 2-0 3 cc ATP, contammg about 0 5 mg of ATP-PjOs, were put mto the 
Bide bulb The vessel was then filled with gas mixture (5 per cent COa and 
95 per cent Nj) After thermoequihbnum was reached, ATP was added an 
the vessels were shaken for 80-100 min A control was nm without ATP 
The results were irregular Some were negative, a few positive Two of 
the experiments with finely mmced frog’s bram m which ACh formation was 
observed are recorded m Table 1 One experiment was made with finely 
mmced electnc organ The rate of synthesis observed was higher than m 
frog’s bram The substance formed could have been phosphorylchohne This 
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iNTBOBUCnON 

The observations descnbed m the preceding paper (8) make it probable 
that the breakdown of phosphocreatine supphes the energy required for the 
restoration of the resting condition of the nerve membrane, adenosmetn- 
phosphate bemg the mtermediate link Smce the alterations at the neuronal 
surface dunng activity are almost certainly connected with release and m- 
activation of acetylchohne (ACh), and smce the amounts of ACh and phos- 
phocreatme which are metabolized as result of the action potential are of the 
same order of magmtude, it was suggested that energy nch phosphate bonds 
are used for the resynthesis of ACh In this paper evidence is offered which 
shows that this assumption is correct 


METHODS 


For the determination of ACh the method of Chang and Gaddum (3) was used m 
which the contraction of the frog’s rectus abdominis m response to a known amount of ACh 
18 compared with that produced by the solution with an unknown concentration of ACh 
The muscle is suspended in a tube containing 8 0 cc of frog’s Rmger with NaHCOj in 
0 0025 M concentration Oxygen was continuously bubbling through If the room tempera- 
ture rose above 23‘’C , cooling was appbed with water running through a glass cybnder and 
surrounding the tube which contains the muscle The esenne concentration was 2 5 X 10“* 
M The rectus of the frogs used {Rana pipiens) is sensitive to 0 1-0 2 sg of Ach m 8 0 cc 
However, 0 5 ;,g is near the optimal range, the curve drawn by the lever m two mm with 
this amount being about 4-5 cm high The determinations were therefore made mostly 
with the latter amount as standard 0 4 and 0 6 iig of ACh gave distmctly different contrac- 
tions, generally 2 5 mm more or less respectively Occasionally the muscle was less sensi- 
tive and higher amounts of ACh were used, up to 1 

The solution m which the ACh had to be determined was prepared in the same way as 
by Quastcl and his associates (7) 2 1 cc were taken from the solution wnth the tissue sus- 
pension or from the extract in which the ACh formation was bemg studied 0 5 cc of 0 1 
phosphate buffer of pH 7 4 and 0 2 cc of N HCl were added 'The pH drops hereby to 2-3 
After about 30 min the solution was neutralized by addition of 0 2 cc of iV NaOH, centn- 
fuged and the supernatant fluid was used for the test 

’The solution to bo tested was generally added in amounts of 0 1-0 2 cc, and sometimes 
for control in amounts of 0 3-0 4 cc In such a small volume the interference of other 
substances, espoaally choline and potassium m higher concentration, was shown by re- 
pented controls to bo negligible Only if inhibitory effects were expected higher amounts 
of the solution to be tested were used, 0 5 cc or even more A control was always run 
with the same amount of extract to which no ndenosinetnphosphate (ATP) was added 
ATP was prepared according to the method of Lohmann (6) Several modifications, how- 
ever, were applied which facilitate the preparation and improve the jneld J 


• This work was made possible bj grants from the Dazian and Josiah Maev. Jr . 
I oundntioas ■' 


vf Pnnamencan &mitnry Bureau and the Department of Biophv 
bcliool of Medicine, University of Brazil, Rio de Janeiro 

X We are grestly obliged to Dr Sovero Ochoa who suggested the modifications 
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C Some properties of choline acetylase — Stability The enz 3 rme kept m the 
refrigerator loses in 24 hours about 50-80 per cent of its activity Freezing 
did in some cases destroy the enzyme, m other cases the activity remamed 
unchanged The reason for this irregular behavior has not yet been foimd 
Influence of pH Two observations were made so far, m one experiment 
with cat bram, the pH was changed by means of different phosphate buffers 


Table 2 Formation of ACh in brain extracts in presence of adenosinetriphosphate 
Choline chloride, sodium acetate, sodium fluoride and esertne sulfate were added Duration 
90 mm 


Exp 

tissue 

Mg ACh formed 

No 

I per vessel 

per gm 

per gm /hr 

1 

rat bram 

12 0 

39 4 

26 3 

2 

rat bram 

62 0 

150 0 

100 0 

3 

I rat brain 

34 0 

93 0 

62 0 

34 0 ^ 

1 ® 

62 0 

4 

rat bram 

18 8 

i 

66 2 

37 5 

6 

rat bram 

40 0 

105 0 

70 0 

6 

rat brain 

22 0 

63 0 

35 5 

7 

guinea-pig bram 

11 2 

27 7 

18 5 


pigeon bram 

27 6 

69 0 

46 0 

9 

cat bram 

11 1 

17 1 

' 11 4 

1 

10 

cat bram 

11 1 

17 1 

11 4 

11 

rat muscle 

0 

0 

0 

12 

rat liver 

0 

0 

0 


In three different vessels the final pH was 6 6, 6 8 and 7 0 respectively, as 
determmed by means of an electropotentiometer 17 ng of ACh were formed 
per vessel, mdependent of the pH In another experiment with rat bram the 
followmg formation of ACh was observed At pH 7 5, 12 9 fig, at pH 7 1, 13 6 
fig, at pH 6 5, 11 0 ^ These observations seem to mdicate that the enz 3 rme 
IS not sensitive to variations close to pH 7 0 at which most experiments 
were earned out 

Effect of K+, NHiCl and HCN Quastel and his assoaates (17) found that 
ACh formation m bram shces m oxygen is mcreased by addition of K+ 
When 0 027 M K+ was added, the effect was optimal The authors assumed 
that K+ may act by mcreasmg the ceU permeabdity No effect of K+ was 
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intermediate, however, does not affect the frog’s rectus (2) Moreover, it 
withstands boding with N NaOH at 100°C for several hours (10) Addition 
of N NaOH completely destroys the substance formed in our experiments 
withm 1 rmn , whereas boihng with weak aad^ at pH 5 0, does not change 
the substance, as should be expected if the compound formed is ACh 

Smce ATP does not penetrate the mtact cell the possibihty was explored 
whether ACh formation could be obtained m bomogemzed tissue m presence 
of ATP In this case, however, ATP is rapidly spht by adenosmetnphospha- 
tase Ochoa observed that fluonde inhibits adenosmetriphosphatase, but not 
the transfer of phosphate from ATP to a phosphate acceptor (9) If fluonde 
was added to the homogenized tissue a high rate of ACh formation occurred 
Without fluonde no ACh was found (exp No 4) In presence of fluonde, 
synthesis was also observed m homogenized rat bram as shown m exp No 5, 
but not m mmced tissue 

Smce ACh formation occurred even after destruction of the cell, the ex- 
periments suggested that it nnght be possible to extract from the cell the 
enzyme performmg the S 3 mthesis 

B Extraction of an acetylcholine forming enzyme from brain Extracts 
were prepared m the foUowmg way 2-4 rat brains were cooled on ice, then 
ground with an homogemzer Dunng the gnndmg the tube was contmuously 
kept m ice 5-10 cc of the solution were taken per bram contammg KCl m 
0 03 M concentration Either sodium bicarbonate or phosphate were used 
as buffer m a concentration usually not higher than 0 01 Af Sodium acetate, 
chohne chlonde, esenne sulfate and ATP were added at the same concentra- 
tion as descnbed above Sodium fluonde was always added, the final concen- 
tration bemg 25 X10~’ M 2 5-3 0 cc of extract were used per vessel so that 
the final volume was between 3 and 4 cc ACh formation was regularly ob- 
tamed The results are summarized m Table 2 The most active tissue exam- 
med was rat bram 35-100 /ig of ACh were formed per gm an hour The 
lower value m exp No 1 may be due to the use of Rmger smce Ca activates 
adenosmetnphosphatase Cat and gumea-pig bram appeared to be less ac- 
tive No activity was formed m hver and muscle extracts 

Presence of chohne, esenne and fluonde appears necessary for an optimal 
rate of synthesis under the conditions used If, on the other hand, no acetate 
was added, the rate was still the same or but shghtly decreased The follow- 
ing figures may be given as an example In exp No 3 (Table 2) m which 
62 Mg of ACh were formed per gm an hour with all additions, no ACh was 
formed without esenne, only 9 6 pg without fluonde, which is a decrease of 
85 per cent Without chohne 20 0 /jg formed, a decrease of 68 per cent With- 
out acetate 66 6 Mg were found which is nearly identical to the value ob- 
tained mth acetate 

The expenments show that brain and nerve tissue (electnc organ) con- 
tain an enzyme which can be extracted and which in presence of the free 

energi’ of ATP sjmthesizes ACh The enzyme will be called ”cbohne acetv- 
lase ” 
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of a great variety of enz 3 Tiies contains them lodoacetic acid (I A A ) acts 
specifically with — Sh groups as was shown by Rapkine (10, 11) and Dickens 
(4) ACh formation is strongly inhibited by sodium lodoacetate One typical 
experiment is given m Table 3, No 4 If the extract is shaken for 20 mm with 
a 1 Xl0~® M solution of I A A the inhibition was already 58 per cent With 
longer action of the compoimd on the enzyme a stronger inhibition was ob- 
tamed In another experiment the inhibition was 83 per cent with 5 Xl0~^ M 
concentration of I A A havmg reacted with the enzyme durmg 120 mm , and 
100 per cent with a 2 X 10~’ M concentration shaken for the same period 

It IS possible that pyruvic acid is the precursor of acetic acid m the acetyl- 
ation process Smce, therefore, inhibition of pyruvic acid formation by 
I A A could be responsible for the inhibitory effect on ACh formation, py- 
ruvate was added to the extract besides I A A No effect of pyruvate was 
observed, the inhibition of ACh formation bemg as complete as without 
pyruvate (exp No 2) Sulfhydryl groups are highly sensitive to Cu 
Chohne acetylase is practically completely inhibited by a 3XlO~'‘ M con- 
centration of Cu and the inhibition was stfil 66 per cent at a 1 5 X10~' M 
concentration 

lodme, which easily oxidizes — SH groups, had a marked mhibitoiy 
effect at 1 XlO"'* ilf concentration, if allowed to act on the enzjme for 40-60 
nun An example is given m exp No 2 These observations make it pos- 
sible to assume that chohne acetylase may belong to the enzymes containing 
sulfbydryl groups However, more evidence is desirable to support this as- 
sumption 


Discussion 

Evidence is offered that an enzyme can be extracted from bram and 
nervous tissue (electnc organ) — and apparently only from those — which 
synthesizes ACh m presence of ATP It is generally accepted that ATP is 
the primary source of energy m muscle contraction Engelhardt (5) recently 
made observations from winch he concluded that this compound may be 
directly connected with the mechamcal change occurrmg durmg muscular 
contraction Direct evidence, however, is still lacking and the question 
whether contraction or relaxation of the muscle is hnked to the effect of ATP 
is still open The propagation of the nerve impulse is connected with electn- 
cal and not with mechamcal changes Strong evidence has accumulated that 
these electrical changes are connected with formation of ACh The precedmg 
paper mdicates that energy nch phosphate bonds can supply the energy re- 
quired by the action potential The present paper shows that the free energy 
of ATP can m fact perform ACh synthesis as suggested m the "acetylchohne 
cycle ” 

The question stall remains open what the phosphorylated mtermediate 
compound is Theoretically it could be acetylphospbate or phosphorylchohne 
exchangmg the phosphate for chohne or acetate reap In this connection it 
may be of mterest to know what the precursor of acetate is There are several 
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Table 3 Effect of NHt+, iodine and lodoacetic acid (7^^ ) on the activity of 

choline acetylase Conditions as those in the experiments recorded in Table 2 


Exp 

No 

Compound 

added 

Concentr 

M 

titae 

TTIITI * 

fig ACh 
formed 
per vessel 

Inhib 

per 

cent 


Control 



40 0 



Cu 

16X10-* 


0 

100 



3XlO-‘ 


2 5 

! 94 









2X10-* 



0 


NH,C1 

4XlO-» 



12 



[ 8X10-* 



0 

1 

Control ' 

1 ! 1 5 

i 

1 


1 X10-» ! 

1 20 ! 

i ' 

100 

2 

I A A 

1 xio-> 

1 

[ 1 

[ 100 


-Ppyruvate 

3X10-= 

' 20 

1 0 j 



Iodine 

ixio-‘ 

1 45 

j 34 

75 


1 Control 

j 22 0 


3 

1 Cu 

1 1 5XlO-‘ 

1 

! 7 5 

66 


iJt A 

1 1X10-= 

1 60 

1 

1 0 

100 


Control 

1 

1 

j 29 0 



1 

i 2X10-* 

120 

, 17 0 

1 41 



1 xio-» 

20 

: 12 2 

1 58 

4 

I A A 

1 xio-» 

60 

9 5 

68 



1 1X10-= 

120 

5 1 

83 



2 X10-> 

20 

j 7 6 

i 74 


• Tvme of addition of compound before addition of ATP 


observed at a concentration vaiying from 0 02-0 06 M This seems to indi- 
cate that the effect observed by Quastel is not directly connected with ACh 
formation but may be due — as assumed — to a permeabihty change 

Quastel et al found imder their experimental conditions a strong inhibi- 
tory effect of NH,C1 on ACh formation at a concentration of 0 05 M They 
concluded that NH<^, smce it, like K-^ causes an mcreased permeabihty, 
has a direct inhibitory action on ACh synthesis In extracts however, no 
inhibitory action v.as found as shown in exp No 1 of Table 3 when concen- 
trations of NH(CI were used betn-een 0 02 and 0 08 M No effect nas ob- 
SGi^ed mth cyanide in a concentration of 12 xlO-’ ilf and 4 X10-= M This 
makes it improbable that choline acetylase contams an active metal group 
lodoacchc acid Barron (1), recently reiuening the enzymes contaimng 
puini^drjl groups, stressed the significance of these groups smce the protein 
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jossibilities which may be studied on dialyzed extracts Many other prob- 
ems remain open which require further mvestigataons 

StJMMART 

An pnTymp bas been extracted from bram and nervous tissue (electric 
Drgan) which forms acetylchohne The formation occurs only m presence of 
adenosmetnphosphate (ATP) The en 2 yme is called chohne acetylase 

The formation of ACh is greatly enhanced by fluoride which, accordmg 
to Ochoa, inhibits adenosinetnphosphatase but not the transfer of phosphate 
to a phosphate acceptor 

K+ at a concentration between 2 and 6 X10~- M and NH ‘^4 at a concentra- 
tion between 2 and 8 Xl0~- M do not affect the enzyme Cu, lodoacetic acid 
and lodme have a strongly inhibitory effect The imphcations of these 
observations for the mechanism of nerve activity are discussed 
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The ablations were made aseptically, those from the cortex with a sharp-edged metal 
spatula and those of subcortical nuclei by gentle suction through a long-nosed glass sucker 
The thalamus was reached after section of the corpus callosum, the hypothalamus from the 
base of the bram, approached rostrally above the optic chiasm Various approaches to the 



P^G 1 Diagram of monkey’s 
head showing positions in which 
EEG leads were appbed 


basal gangha were used as described in the protocols The 62 monkeys used were either 
Macaca mulatta or manga bey (Cervcebus torquatus o^’s) Of these 14 were operated upon 
in infancy 

Experimental Data 


With one exception abnormal EEGs always appeared in animals with 
definite symptoms of central nervous system defiat, and the seventy of the 


Fig 2 Changes m EEG resultmg 
from ablations of areas 6, 8 and caudate 
nucleus, A, normal record B, after extir- 
pations, left on Dec 17, 1941, and right on 
Apr 16, 1942, upper tiacmg (It) shows a 
burst of high ampbtude, lower tracings 
show irregular slow waves, as result of 
operation on precedmg day C, one year 
later, characteristic bursts of high amph- 
tude present m all leads 



EEG disturbance was usually commensurate with the severity of the symp- 
toms Both were thus directly dependent on the size of the lesions withm the 
basal gangha amce it has been shown (8) that there is httle or no localization 
withm the nuclei of the basal ganglia and that hence small lesions are un- 
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In a previous communication (10) it was stated that injury to the cerebral 
cortical tissue of monkeys had no significant effect on the electroencephalo- 
gram (EEG), but that combined lesions of cortex and basal gangha caused 
prompt and often permanent alterations m the pattern of cortical potentials 
In the present paper it will be demonstrated that lesions restricted to thala- 
mus and h 3 ^othalamus also have an effect on EEG m chrome conditions 
In acute preparations like effects have been recorded by numerous mvesti- 
gators Dusser de Barenne, Garol and McCulloch (4) produced changes m 
EEGs of monkeys by lesions m caudate nucleus and Dusser de Barenne and 
McCulloch (5) found changes m the postcentral cortical electrogram after 
lesions of the corresponding sensory nuclei of the thala m us and changes of 
EEG after strychninization of these postcentral areas Dempsey and Mon- 
son (3) and Monson and Dempsey (11) similarly foimd focal changes m the 
panetal area after lesions of the thalamus of monkeys, and Obrador (12) 
abolished the EEG of cats by destruction of the hypothalamus Acute de- 
cortication of monkeys under dial anesthesia, furthermore, changes the pat- 
tern of electrical potentials from basal gangha and destruction withm thala- 
mus or hypothalamus slows the rate and lowers the amphtude of EEGs ob- 
tamed from the surface of the cortex (7) 

The present observations have been made on 52 chrome monkeys over a 
penod of days, weeks or months before and after lesions of the subcortical 
nuclei Such lesions have been made mdividually m the several nuclei or m 
combmations and with or without additional cortical ablations Observa- 
tions on the functional and anatonucal changes of these animals will be pub- 
lished elsewhere (8) 

METHOD 

A Grass ink- wn ting 3-channel oscillograph was used Records were taken by means of 
electrodes fastened to the skin of the scalp as described in a pre\aous article (9) The same 
BIX combinations of leads from each side of the head m frontal, mid-panetal and occipital 
positions were used, but records from onij three of these positions ha\e been reproduced 
here as experience has shown that these three are the best for demonstrating both focal 
and general changes in the EEG follownng isolated ablations The positions are shown in 
Fig 1 The numerals for each position arc then gisen in the succeeding figures which are 
reproductions of stnps of EEG records As will be seen, the leads 1-3 represent potentials 
oh^ined from the length of the left hemisphere, leads 4-6 are in similar rxisition on the 
right, and leads 2-6 pie intra-hcmispheral potentials 

hj grants from the Josiah Macj Jr Foundation and the Fluid Research Funds 
1 nlo UnivcrFitj , School of Modicioc ^ 
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there is much more irregularity and some slowmg of rate Six months later, 
m C, the record shows extreme "fencing” or hypersynchrony, as it had 
throughout the mtervemng time Ten days before the record m D, the nght 
ansa lenticulans was sectioned producmg much more marked irregulanty 
although the "fence” arrangement and the absence of fast waves persists 
This last findmg occurred m all five animals in which the ansa lenticulans 
was sectioned either umlaterally or bilaterally 

Lesions anywhere m the basal gangha if they were large enough produced 
the same effect as those shown m Fig 2 and 3 The irregular bursts of high 
amphtude, regular potentials are characteristic of such disturbances There 


A 1606 
' ® 9 * 


» M 41 
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4 34 41 I «0>IV 


Fic 3 Effect of ablation of area 8 and 
caudate (B and C), and of section of ansa 
lenticulans (D) Note regular high-ampli- 
tude rhythm in C and irregulanties in D 
(see text) 


was a suggestion that hypersynchrony was more mtense following lesions m 
which caudate was mjured and that irregularity of pattern and large, high 
amphtude waves were found more often from injury to ansa or globus pal- 
hdus Often, however, it would be impossible to distmguish between the 
records of these three lesions 

Figure 4 has excerpts from the records of the left and nght henuspheres of 
a mo:^ey from which portions of the putamen and globus palhdus were 
removed from an approach via the base of the bram, the left on Feb 22, 
1943 and the nght on March 22, 1943 The normal record is given m A In B, 
three days after the first operation, the left, operated side has waves of low 
amphtude and slow, those of the nght are higher and somewhat irregular 
Six days later m C when the effect of operation has worn off, both sides show 
slowmg and defimte irregulanty but the rate on the nght is sfeJl faster than 
that on the left In D, 12 days after the second operation, there is a charac- 
teristic picture, many slow high-amphtude waves appear m both sides The 
lesion at autopsy IS shown m Fig 6 
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mediately compensated for by the remaining tissue both ipsilateral and con- 
tralateral to the mjured area Small lesions of caudate or putamen even if 
bilateral caused no alteration m EEG and this was true also m t h a l a m us and 
hypothalamus Although all subtotal lesions were followed by some recovery, 
large bilateral lesions resulted m permanent changes m EEG, or at least those 
which lasted more than a year after operation (Fig 2) 

The exception to the rule that size of lesion directly influenced degree and 
duration of both symptoms and changes m EEG was demonstrated m the 14 
ammalfl operated on m infancy Such infants always showed min or s 3 rmptoms 
as compared to older animals But they had the most extreme and endurmg 
changes m the EEG Many of these, kept for two or more years after opera- 
tion, grew to the size of others operated on later m life They did not how- 
ever develop severe s 3 rmptoms of motor deficit although their EEGs re- 
mamed very abnormal 

A Lesions of basal ganglia The observation made m a prehmmary paper 
(10), that combmed ablations from area 6 and caudate nucleus produced 
marked and permanent changes m EEG has been confirmed by the addition 
of more aniTtiala with similar ablations (11 m all) Figure 2 illustrates such 
changes In A a normal preoperative record is given m which both medium 
8 per second rhythm and fast waves of about 20 per sec can be seen On 
Dec 17, 1941 the left areas 6, 8 and caudate bead were removed On Apnl 
16, 1942 the same areas were extirpated from the nght side Tracmg B made 
the day after this second operation shows the characteristic changes which 
follow this procedure On the upper tracmg, from the left side, the rate of 
about 8 per sec is normal and the shape of the waves nearly so although there 
IS a suggestion of the penodic, high-amphtude bursts shown more defimtely 
m C The lower two hnes of B, representmg the right hemisphere and mtra- 
hemisphere potentials, show the marked slowmg, imevenness and dimmution 
in amphtude characteristic of a postoperative picture In C, made a year later 
aU three leads show abnormahties absolutely characteristic of mjury to basal 
gangha The rate is again 8 per sec and amphtude about that of the pre- 
operative record There are fewer of the fast waves, however, while the 8 per 
sec medium waves are more regular and have penodic bursts of high- 
amphtude pomted waves hke those of hypersynchrony m the human In this 
ammal, a mangabey of medium size, records were taken frequently for almost 
two years Dunng the postoperative penod the only change w'as m the rate, 
wluch was slowed by the operation and then returned to preoperative levels 
This animal has been ngid and has marked tremor which is unabated now 
more than a year after its last operation 

Figure 3 shows similar changes from the records of a mangabey which 
had had caudate and putamen removed on June 23, 1941, the left area 8 on 
September 15, 1941 the same areas from the nght, and on Apnl 13, 1942, 
section of the nght ansa Icnticulans In A, the unilateral removal of cortex’ 
caudate and putamen has done little to the EEG unless a certain amount 
of irrcgulnnty is present In B, within the week after the second operation 
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ously that such small lesions of thalamus as of basal gangha caused no dis- 
cernible effect on the EEG obtamed from the surface of the scalp 

Figure 6, A, B, and C show the changes which occur followmg such thalam- 
ic lesions On Oct 26, 1942 a large excavation was made from the thalamus 
after section of the overlymg corpus callosum On January 22, 1943 the 
hypothalamus was nearly completely destroyed The normal clearly defined 

10 per sec waves seen ui A have 
changed to slow wavering irregular 
rhythm in B ten days after the le- 
sion was made in the thalamus 
Three months later, the rate has m- 
creased to about 8 per sec , which is 
not quite that of the preoperative 
record, but there was still marked 
irregularity and a wavermg base- 
hne This irregulaiity and tendency 
to change was probably the most 
noticeable characteristic of the 
monkeys with thalamic injury 
There was always, in addition, a 
slowmg of rate, and frequent ap- 
pearance of large slow hiU-hke 
waves such as are shown m both B 
and C 

C Lesions of hypothalamus 
Records from animals witli lesions 
of the hypothalamus have been 
made m five cases, and m each, the 
changes were similar, although the 
chiiK^ symptoms varied Two of 
these, one of which was the last described ammal above, wluch had aheady 
had a lesion of the thalamus, developed, after the hypothalamic ablation, a 
profound "pathological” sleep such as has been descnbed by Ranson (14) 
in monkeys These two (Fig 6D and 7) had the most pronounced changes m 
EEG, the other three had changes of the same nature but of less seventy 
In all the amphtude of EEG dimmished almost to zero, the rate slowed and 
almost nothmg could be found which resembled the noimal EEG pattern 
In contrast sleep m these monkeys, either normal or when mduced by lum- 
inal causes the same changes as m man, and which are the opposite of those 
which followed hypothalamic injury In sleep the amphtude becomes greater, 
the rate more vanable, but often very fast, and the entire picture is one of 
accentuation of the normal alpha rhythm In Fig 7 is shown the record of 
one of these somnolent monkeys five days after the lesion was made which 
IS shown in Fig 8, and three days before its deatli from hypostatic pneu- 
moma, the result probably of its extreme inertia 



Fig 6 Effect of lesions of ihnlamus (Band C) 
and hypotlialanius (D) (see text) 
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The tendency to uregulariiy and vanabihty of pattern which was present 
in these ammalR with lesions of the basal gangha was demonstrated in another 
way, namely by the occurrence of epilepsy after operation in a great many 
cases It happens occasionally that, foUowmg operation upon the motor 
cortex, epilepsy appears durmg the first postoperative week but this is ex- 
tremely rare It was a common symptom when the basal gangha together 
with cortex were injured It appeared less often when basal ganglia alone 
were damaged Smce it was penodic and transient there are no vahd statistics 


Fig 4 Changes m EEC following 
ablabon firom left (B) and nght (C) puta- 
men and globus palhdus (see text) 
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as to its mcidence, for chmcal epilepsy was seen m a number of animals at 
tunes when no record was taken, and may have been missed m as many 
more On the other hand, sub-chnical seizures were not infrequently recorded 
in animals which had never been seen to have grand mal attacks and ap- 
peared on the records of some animals which had been known to have at- 
tacks but which at the tune of the EEG seizure, appeared normal chmcally. 
All this epilepsy occurred withm a few weeks after operation and dis- 
appeared then, never to reappear It is probable therefore that it had to do 
With tension and edema of the tissues which were disturbed at the tune of 
operation The reason for its high mcidence m combined cortical-subcortical 
lesions and not in those limited to cortex may be due merely to this edema, 
for there was, of necessity, more distortion of motor pathways m the com- 
bined cortical and subcortical lesions 

B Lesions of thalamus Lesions of the thalamus were made m five 
monkeys In each, the approach v. as via a sectioned corpus callosum In each 
large lesions were made mvobung either the entue massa mtermedia (1 case) 
or most of one side of the thalamus (3 cases) One anunal had bilateral abla- 
tions from this region No attempt was made to produce small lesions re- 
stricted to one or more nuclei in this senes because it had been found pren- 
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Fig 8 Lesion of hypothalamus producing EEG record shown in Pig 7 


Discussion 

The absence of abnormal EEGs m monkeys after lesions restncted to the 
cerebral cortex, although they appear when the sub-cortical nuclei have been 
mjured is not consistent with the usual present-day concept of the EEG 
w^ch has been shown both chmcally and experimentally to be directly con- 
cerned with cortical excitabihly Nevertheless there is abundant recent evi- 
dence which relates the subcortical areas as well to the EEG 

The absence of changes from cortical mjury m monkeys can be explamed 
by several factors First, the size of the monkey’s head is so small, that when 
obtaimng records from the scalp and not directly from the surface of the 
bram no locahzation, or at best only lateralization appears Smce m man, 
nearly all chmcal locahzation today is made by companng the EEG from one 
area with that of another (2, 6) and this factor is not useable m the monkey 
small changes could not be detected m the latter To this must be added 
the fact that the "normal” EEG even m man is only the usual for that patient 
as compared to what have already been established as standards and that 
the material for standards m the monkey at present is much less That acute 
changes of record can actually be obtamed m monkeys by cortical excitation 
IS weU known, and PaceUa, Barrera and Kopeloff (13) have shown that 
chrome irritation of the cortex can produce recordable episodic seizures This 
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condition and that they resemble certain dysrh 3 diuniaB found m epileptics 
between attacks and also those found following acute head injury 

Buchanan, Walker and Case (1), confirm these observations and stress the 
smulanty between the changes m epilepsy and m chorea They consider that 
the fannhes of children with chorea, like those with epilepsy, show changes 
which are of the same nature although less pronounced than those of the pa- 
tients It IS possible that the changes found m both man and monkey foUow- 
mg acute head mjury may be dependent on mjury or distortion of the basal 
gangha also Evidence at present is strongly m this direction For, neither m 
man nor monkey can the changes which occur acutely m the two conditions 
be told apart It is weU known also that the basal gangha are particularly 
susceptible to mmute petechial hemorrhage following Irauma which might 
weU be the underlymg cause of the disturbance 

The relation of the hypothalamus to sleep has long been known but its 
exact influence on and mterconnection with the cort^ are still not clear 
Both the work of Obrador (12) and ours on acute preparations (7) is borne 
out by the present findmgs that destruction of the h 3 rpothalamus dimmishes 
or abolishes the pattern of cortical potentials How this relates to the ap- 
parent "release of function” exerted by the normal hypothalamus durmg 
sleep IS diflSicult to imagme 

Summary 

1 In monkeys chrome lesions of the subcortical nuclei have been found 
to produce changes m the EEG although lesions restricted to cortical tissue 
cause no such change 

2 Lesions of the basal gangha if large enough, or of basal gangha and 
cerebral cortex cause permanent alteration m the EEG 

3 Epilepsy, either cluneal or subclmical and detectable by EEG, was a 
frequent finding foUowmg lesions to basal gangha 

4 The changes of EEG foUowmg lesions of basal gangha can be directly 
correlated with the functional changes m the monkey and are similar to 
those seen m human children with chorea 

5 Lesions of the thalamus caused marked slowmg of rate, irregulanty 
of pattern and the appearance of high, slow rounded waves at frequent 
mtervals 

6 Lesions of the hypothalamus caused great slowing of the rate and 
dimmution of amphtude With large destruction practically no pattern of 
potentials remamed 

7 This is m direct contrast to the effects of sleep which are to mcrease 
amphtude and mtensify the normal pattern 

8 It IS suggested that the post-traumatic changes which appear m both 
man and monkey may be directly related to changes withm the basal 
gangha 
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was done by placing imtating substances on the surface of the cortex Ap- 
parently the reasonably cleancut extirpation has no such irritative effect 
There is recent chnical evidence that primary subcortical lesions may be 
the cause of epilepsy and hence of abnormal EEGs m man. Foerster and 
Penfield (6) have discussed what has smce become a weU-recognixed chnical 
fact, that trauma to the bram, when deep, as in penetrating wounds, fre- 
quently produces epilepsy as a late manifestation and that this is due to 
traction on the cortex by the formation of scar tissue. Smce there can be no 
doubt that epdepsy is a manifestation of cerebral cortical irritation, and smce 
it was noticeably frequent m these animals with lesions of the basal gangha, 
it IS probable that disturbance of the cortico subcortical pathways from the 
motor area with consequent pressure or traction on the exatable motor cells 
must have been at the basis of the epileptic attacks and of at least some of the 
abnormal records which were not accompamed by seizure 

It IS noteworthy, however, that lesions of neither thalamus nor h 3 rpothala- 
mus caused epilepsy but several additional facts must be considered m this 
respect First, it happened that the ablations of these latter two groups did 
not have concomit^t lesions of cortex as did many of those of the basal 
gangha which produced epilepsy, second, neither thalamus nor hypothala- 
mus are so near the mtemal capsule and corticospmal tracts as are the basal 
gangha, third, smce the basal gangha are functionally more mtimately re- 
lated to motor performance thm may be the reason that their disturbance 
produces epilepsy, fourth, the caudate nucleus, at least, is known to be di- 
rectly related to the suppressor function of area 4s of the cortex (4) and if 
removal of suppression is one cause of epilepsy this may conceivably play a 
part m the type of abnormal EEG which was found Distortion of the sub- 
cortical tracts would be as likely to appear after thalamic and hypothalamic 
lesions as after those of basal gangha for, m our expenence m the ammnis that 
came to autopsy some days after operation, there was as apt to be edema of 
the tissues m one lot as m the other 

The presence of abnormal EEGs m patients with chorea has been now 
estabbshed In two recent articles (1, 15) the changes descnbed m the EEGs 
of a senes of children with Sydenham’s chorea, which is known to be a disease 
affectmg basal gangha primarily, are stnkmgly hke those found m the present 
senes 

Both groups of authors stress the constancy of abnormal EEGs m this 
condition and furthermore the relation, both climcally and from electro- 
encephalographic evidence, between chorea and epilepsy The children of 
the senes of Usher and Jasper all had generahzed abnormahties of EEG, con- 
sistmg of a decrease or absence of the alpha rhythm and presence of continu- 
ous slow delta wave activity of high amphtude Slowing of rate and mcreased 
amplitude were the most conspicuous changes in the monkeys In addition, 
the more severe the chorea the more gross the changes m EEG m the chil- 
dren, and improvement m EEG was always correlated with chmcal recovery 
The authors state that the changes m EEG of chorea are not specific for tli 
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In a PREVIOUS PAPER it was shown that sympathectomized areas on any 
part of the body can be sharply defined by means of the electncal skin re- 
sistance method (1) These areas, which do not sweat, have a higher resist- 
ance than the surrounding normal areas In sympathectomized patients these 
patterns of high skin resistance, which agree closely with the distnbution of 
the sensory dermatomes, come out most clearly after the entire body has 
been heated m a hot air cabmet — the temperature used being that which in 
the normal person causes a general decrease in slun resistance to a low level 
with the disappearance of all patterns At ordmary room temperature, most 
normal persons manifest well defined areas of low resistance on the face, 
hands, feet, axillae, and antecubital fossae (2) When an mdividual is im- 
mersed m a hot air bath, the facial area enlarges until it includes first the en- 
tire face, then the head and neck, and finally the entire body Both coohng 
and sleep cause a marked constnction to a very small area which finally m- 
cludes only the bps The area of low resistance most commonly present in 
normal individuals at room temperature comcides closely with the hairless 
area of the skin on the face of gorillas and chimpanzees and other primates 
The patterns of the areas of low skin resistance comcide closely with the pat- 
terns of areas of remainmg sensitivity found on the faces of patients with 
synngobulbia and, hke them, vary concentncally around the mouth 

In the following expenments detailed exammations were made to de- 
termine the shape and distnbution of the areas of low skin resistance on the 
hands and feet under varying conditions Are these areas fixed or do they also 
vary ivith external temperature and sleep’ Do the patterns correspond to the 
distnbution or actmty of the sweat glands or penpheral blood vessels’ Do 
the patterns show any relation to the penpheral nerves, sensory dermatomes, 
or central or autonomic nervous system anatomy’ 


MFTIIODS 


Prc\i 0 U‘< papers contain n full dcscnption of the technique (1, 2) Bj means of a small 
ear clip one electrode, a ) inch rmc dusc, is clasped to the car lobe— the skin of which has 
Iwn pneked wath a hjpodermic needle to ehimnate the resistance of the skin under this 
clc'ctrodi A paste made of kaolin and satumted rmc sulphate solution catablishes contact 
latwwn tins electrode and the skin The moaable electrode, which consusts of a small ’ inch 
rmc dtsc fastened at npht anRles to the end of an insulated zinc rod, is held b\ the onemtor 
and can thus lie touched aRninst the skin on nnj part of the bodj No paste is us^ with 
tliLH I Icctrode llie dermometer ased for these expenments consists of a 4 5 V battery , a 


• Supiiorted bj a gnmt from tin John and Marj R Mnrkle Foundation 
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microanuneter, and a variable resistor The instrument is used only to register differences 
in skin resistance, not to obtain actual measurements 

The following procedure is used in mappmg areas of high and low skin resistance After 
the fixed electrode has been attached to the ear, the instrument is set by means of the 
resistor so that a moderate difference m potential exists between the electrodes As the 
movable electrode is pressed hghtly against the skin on different parts of the body, the am- 
meter 18 watched closely for sharp changes in the amount of current flowmg through the 
circuit This amount depends largely on the resistance of the skm under the movable elec- 
trode When the resistance is high, httle or no current flows and the mdicator on the dial 
does not move, when it is low, the current that flows is strong and the mdicator moves 
quickly across the face of the dial The surface of the skm is explored with the movable elec- 
trode untd a pomt is found at which the resistance shows either a sharp nse or fall This 
pomt IS then marked with a black skin pencd Adjacent areas are explored until another 
pomt of marked change m skm resistance is located Successive pomts thus located are 
jomed together with a pencd hne and the process is repeated untd finally areas of high and 
low skm resistance are completely defined, that is, untd the two ends of the hne jommg the 
pomts come together Seventy normal adults and ten new bom infants were used m these 
experiments 

Results 

A Hands Figure 1 shows the two most common patterns of the areas of 
low electncal skm resistance found on the palmar and dorsal surfaces of the 
hands of normal mdividuals The pattern shown m Fig lA (stippled area) 
mcludes all of the palmar surface as well as the dorsal surface of the two distal 
phalanges of the togers and thumb The patterns shown m Fig IB mclude 
most all of the palmar surface but none of the dorsal surface 

NORMALS 

AREAS OF LOW ELECTRICAL SKIN RESISTANCE 




Fig 1 

The resistance on the outside of the closed area was usually about 4 times 
higher than on the mside, while the hne of separation between the areas of 
high and low resistance was scarcely more than J of an mch m width This 
hne of demarcation was qmte as sharp as between areas of sympathectomized 
and normal skm described m a previous paper 

Effect on hand patterns of cooling and heating the body Figure 2 gives a 
typic^ record of tiie effects produced on the hand pattern of low electncal 
alnn resistance by coohng and heatmg the body In these experiments the 
subjects were immersed to the shoulders m a contmuous tub bath, the hands 
and arms rested on the sides of the tub and remamed dry and accessible for 
the fikiri mappmg Under normal conditions, that is, at room temperature, 
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the pattern of low resistance of this subject included all of the palmar 
surface and none of the dorsal surface After 2 minutes m a bath at 75°F the 
area of low resistance on the palmar surface became constricted and divided 
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BODY EXCEPT FOR HANDS MMERSCO IN WATER BATH 
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Fig 2 

mto small areas, one on the tip of each finger and thumb, and another, larger 
one, m the center of the pahn Progressively, with tune and with the lowenng 
of the temperature of the bath, these areas grew smaller until finally after 
25 mmutes’ immersion when the 


bath had cooled to fiS^F , they m- 
cluded only the tips of the fingers 
and thumbs At this time hot water 
was run mto the tub gradually 
After 7 mmutes the areas on the 
tips of the fingers had enlarged 
shghtly After 10 mmutes the pahn 
of the hand agam showed a small 
area of low resistance and the areas 
on the tips of the fingers had be- 
come larger Durmg the next 20-25 
minutes the finger, thumb, and 
palmar areas gradually increased m 
size until they became consohdated 
agam mto a large area which cov- 


NEW-BORN INFANT 
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Fig 3 
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ered the entire pahnar surface With longer heatmg the area of low re- 
sistance spread further, including the dorsal surface of the fingers and thumb 
up to the second joint, the entire hand, then glove shaped patterns, and 
finally the entire arm Ten other subjects gave essentially smular records 
Changes in hand patterns during sleep In a previous paper it was reported 
that durmg sleep the facial area of low skm resistance contracts markedly 
In the present experiment we found that the hand patterns also become very 
much constncted These observations were made on newborn mfants 
Figure 3 gives a typical record Durmg the wakmg state this baby’s area of 
low resistance mcluded the entire palmar surface and aU of the dorsal surface 

NORMAL 



COOLWG BODY IN TUB BATH 
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Fig 4 


of the finger and thumb to the first jomt Durmg sleep one half hour later 
this area had become constncted imtil it mcluded only the tips of the fingers 
and thumb Ten babies gave similar records 

B Feet The top row m Fig 4 shows the foot pattern of low electncal 
skm resistance found most frequently at room temperature m normals It 
mcludes the entire plantar surface and a narrow band, about 1 mch m width, 
which runs around the foot laterally and up over the dorsal surface to mclude 
part or all of the dorsal surface of the toes Less frequently the area mcludes 
only the plantar surface and none of the lateral or dorsal areas 

Effect of temperature changes on foot patterns In most mdividuals coohng 
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the pattern of low resistance of this subject included all of the palmar 
surface and none of the dorsal surface After 2 nunutes in a bath at 75°F the 
area of low resistance on the palmar surface became constricted and divided 


TEMPERATURE EXPERIMENT 
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Fig 2 

mto small areas, one on the tip of each finger and thumb, and another, larger 
one, m the center of the palm Progressively, with time and with the lowering 
of the temperature of the bath, these areas grew smaller until finally after 
25 mmutes’ immersion when the 


bath had cooled to 68°F , they m- 
duded only the tips of the fingers 
and thumbs At this time hot water 
was run mto the tub gradually. 

After 7 mmutes the areas on the 
tips of the fingers had enlarged 
slightly After 10 mmutes the palm 
of the hand again showed a small 
area of low resistance and the areas 
on the tips of the fingers had be- 
come larger Durmg the next 20-25 
minutes the finger, thumb, and 
palmar areas gradually increased m 
size until they became consohdated 
agam into a large area which cov- 
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Fig 3 
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m most mdividualB, primates as weU as human bemgs, is hairless, is particu 
larly suggestive of a relationship between these two phenomena 

Relation of patterns of low electrical skin resistance to sympathetic nervou. 
system In observations made on over 60 patients with upper thoraac or him 
bar sympathectomies we did not find any pattern of low resistance on hand 
or feet, even after the patient had been well heated m the hot air cabmet 
This would mdicate then that the areas of low resistance depend at least n 
large part on sympathetic innervation of the extremities In agreemen 
with this conclusion is the observation that the hand and foot patterns be 
come enlarged under conditions in which the sympathetic nervous systen 
becomes activated, such for instance as strong muscular effort or emotiona 
excitement, and become constricted under conditions m which the sym 
pathetic nervous system becomes inhibited, such for instance as sleep anc 
mactivity 

Relationship of low skin resistance to distribution of nerves Before dis 
cussmg the possible relationship between the skm resistance and nerve 
distnbution patterns we must recall some of the most important features oj 
the skm resistance patterns In the first place, they seem to correspond 
roughly with sections made perpendicularly to the axis of the arms and legs 
When the areas become enlarged they proceed up the extrermties m glove 
and sock patterns, when they become smaller they gradually recede to the 
most disti ends of the axes, the tips of the fingers and toes Clearly at nc 
stage do the skm resistance patterns comcide with the distribution of any 
of the penpheral nerves, such for instance as the ulnar or radial nerves to 
the hands, or the tibial or peroneal nerves to the feet Likewise the skm re- 
sistance patterns do not comcide with the distribution of any of the seg- 
mental nerves They may agree more closely with the distribution of sym- 
pathetic nerve patterns from the cerebral cortex smce the work of Guttennan 
and List and others has shown that sympathetic functions hke the motor or 
sensory functions of the legs, arms, and head may be represented m the 
cerebral cortex (3) The skm resistance patterns seem to include the entire 
hand and foot, not segmental or penpheral divisions 

Discussion 

The results of this study demonstrate that m normal mdividuals the 
skm on the hands and feet, just as on the face, shows hitherto entirely un- 
suspected patterns of low electncal resistance Sharp hues, less than i mch 
m width, usually separate the areas of low from the areas of high resistance 
In most mstances the resistance m the low areas is about one-fourth as high 
as m the surroundmg areas It is especially noteworthy that these great 
differences m resistance exist without any visible differences m the skm In 
the previously reported experiments it was found that the facial patterns 
of low electncal s!^ resistance comcided with cross sections of the face made 
perpendicular to the somatic axis of the body and head, that is, regardmg 
the mouth and bps to be the most forward end of the axis m man as well as 
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of the body m a tub bath of 68°F caused the pattern of low dectncal slon 
resistance to shrink until it included only the spaces between the toes, while 
heating the body caused the pattern to enlarge first to include only the 
plantar surface, and a narrow band around the foot, then succesavely shpper 
and sock shaped areas, and finally the entire leg The second and third row 
of feet in Fig 4 show fairly t 3 rpical changes 

Rdation of patterns of low shin resistance to sweat glands These observa- 
tions showed that under normal conditions the areas of low electrical skm 
resistance on the hands of normal individuals mclude all of the p alma r sur- 
face It wiU readily be seen that this area agrees closely with the areas of skin 
having a rich supply of sweat glands, the so-called porous areas which have 
a different anatomical appearance from the shape of the back of the hand, 
not only in structure but in color Since these areas may often show active 
sweatmg while the skin on the backs of the hands is dry, differences other 
than the number of sweat glands probably distmguish the palmar from the 
dorsal surfaces of the hands In moving the electrode from the palmar to the 
dorsal surface the sharp hne of change m resistance usually occurs near the 
mid-Ime on each finger, where the porous area of the skm ends, though the 
low resistance area often mcludes the dorsal surface of the last two phalanges 
of the fingers and thumb, as was shown m Fig lA This pattern is often ob- 
tained m normal mdividuals imder ordmary conditions, and is always found 
during any kmd of emotional excitement or tension It is not known whether 
the simi on the dorsal surface of the last two phalanges has a ncher supply of 
sweat glands than the skm on the remamder of the dorsum of the hand 
There is on the feet also a close correspondence between the most common 
pattern of low skm resistance and the porous areas of skm Here also even 
under ordmary circumstances the pattern may extend up over the two distal 
phalanges of the toes, or even up over the entue toes, and up over the edge 
of the foot 

Relation of patterns of low electrical resistance to distribution of blood vessels 
Anatomically there appears to be very httle relation between the skm re- 
sistance patterns and the distribution of the blood vessels beyond the fact 
that the palmar surfaces have a richer supply of blood vessels In 12 mdi- 
viduals we recorded the patterns before and after complete occlusion of 
both venous and artenal supply to the hands for as long as 15 mmutes and 
found no consistent changes In some subjects the patterns contracted until 
the low resistance area mcluded only the tips of the fingers, just as dunng 
sleep or m cold temperatiues, while m others, the patterns became enlarged 
to mclude not only the hands but also part of the arms The pam from the 
hands and arms may have contnbuted to the enlargement of the patterns 
Relation between patterns of low electrical resistance and hair distribution 
On both the hands and feet, the patterns of low electncal skm resistance 
under standard conditions were similar to the patterns of hau distribution, 
havmg the same shape, but bemg smaller The low skm resistance area over 
the dorsal surface of the last two phalanges of the fingers and thumb which 
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sleep, and become enlarged m warm temperatures and witb exercise o 
citement When the patterns contract, the tips of the fingers and the 
are the last to show a low resistance When they expand, the patterns 
envelop all of the dorsal surface of the hands and feet and then mov 
the arms and legs, showmg regular sock and glove patterns 

3 The possible relationship of these areas to the distnbution of s 
glands, blood vessels and hair was considered 

4 It was shown that the patterns do not conform to the distributii 
any of the penpheral nerves or the sensory dermatomes It was sugge 
that they nught represent cortical or sub-cortical patterns of the distnbi 
of sympathetic nerves to the extremities 
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animnlH It appeared that the patterns correspond closely with the axial 
segments 

The patterns on the hands and arms and on the feet and legs seem to 
represent analagous cross sections along the axis of the arm and leg respec- 
tively As the patterns become constricted, they move toward the ends of 
the axes, that is, to the tips of the fingers and to the ends of the toes, just 
as the patterns on the face moved toward the mouth As the patterns en- 
large, they move up the axes of the arms and legs in more or less circular 
patterns These resets suggest as we pomted out above, that these patterns 
must depend on some fundamental neurological mechanisms such as are 
found oidy m the higher centers of the bram stem or cortex The facial areas 
would thus be more likely to be associated wnth such cortical areas than, 
as was suggested m the previous paper, with the tngemmal nucleus 

It IS noteworthy at this pomt to call attention to the s imil arity in shape 
between the sock and glove patterns of low electrical resistance and the pat- 
terns of anaesthesia or hyperalgesia often found m hysterical patients The 
findmg of the skm resistance patterns mdicates that there may be an ana- 
tomici basis for the sock and glove patterns of the hysterics The presence 
of sock and glove patterns of anaesthesia m penpheral neuritis, has already 
estabbshed the existence of such patterns We have not detenmned whether 
these patterns foimd m the vitaimn Bi deficient patients correspond with the 
skm resistance patterns 

The mappmg of the areas of low skm resistance may help to throw some 
fight on the mechanisms mvolved m the production of various pathological 
conditions of the extremities, such as are seen m Raynaud’s disease, m 
scleroderma, diabetes, etc It may also be of help m the study of the effects 
of low and high temperatures on the body In prefimmary studies on the 
effects of heat made during prolonged summer heat spells, we found that m 
many instances the hand and foot patterns became reversed, the areas of 
low resistance became m a relative sense the areas of high resistance, that is, 
the skm on the rest of the body had a lower resistance than that on the pal- 
mar and plantar surfaces The mappmg of the hand, foot and facial patterns 
may also be useful m the study of acute and chrome emotional disturbances 
seen in psychiatnc patients 

Summary 

1 Under normal conditions, that is, at ordmary room temperature, etc 
the hands and feet, like the face, show sharply defined areas of low electneal 
skm resistance On the hands these patterns usually mclude the entue palmar 
surface up to the fine which divides the dorsal and ventral parts of the hand 
Tlie skm of tlus area shows a resistance about one-fourth that of the skm of 
surrounding areas On the feet the areas of low electneal skm resistance 
usually mclude the entire plantar surface and a small band along the side 
of the foot and over the toes 

2 These areas become constneted m cold temperatures and durmg 
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qf certain of the more common tests are tabulated for each animal m Table 
2, which illustrates the constancy or vanabihty of the response 



Fig 1 Diagrammatic projection drawings showang destruction of the laterail cortico- 
spinal and adjacent ascendmg and descendmg tracts m the dorso-lateral column of the 
spinal cord 

In both cervical and thoracic aimnals the lower extremity of the op- 
erated side always exhibited a defimte hj^otonus on passive mampulation 
of all muscle groups There was no evidence of clonus noted m either the 
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A TRANSIENT contralateral spasticity, consisting of hypertonns, principally 
extensor in the lower extremity and flexor in the upper, with accompanying 
hyperactive deep reflexes and clonus, was observed by Hines (2) followmg 
ablation of Area 4s (the "strip area”) in the rhesus monkey As yet lesions 
placed m other areas of the precentral cortex or those placed m the pyramids 
(4) have failed to give this syndrome Subsequent to sectiomng of the 
pyramids, Tower (4) observed a paresis characterized by hyqiotonus, hypo- 
active deep reflexes, and no evidence of clonus In the present mvestigation 
a similar paresis has been found to exist after the mterruption of the lateral 
cortico-spmal tract at cervical or thoracic levels of the spmal cord 

MirraoDs 

In a senes of 9 Macaca mulatto monkeys, dorso-lateral chordotomies were performed, 
in five instances at cervical (C-4) and in four at thoracic CT-S) levels Exposure was ob- 
tained by a laminectomy and the cord incision was made from the postero-lateral sulcus 
downward and lateralward to the ongm of the dentate bgament 

The results of neurological examinations previous to and at routme mtervals after the 
operation were recorded 1 The pre- and post-operative behavior of the monkeys m their 
cages was also noted With the exception of one case, still under observation, the ammals 
were sacrificed withm four to mne weeks Sections through the lesion were prepared with 
the Weil stam and those above and below the lesion, by the Marchi techmque Projection 
drawings of the lesions are shown in Fig 1 It should be noted that the lesions mvolved 
other tracts of the dorso-lateral column in addition to the lateral cortico-spmal tract 

Results 

In exammmg the extremity or extremities of the operated side below 
the level of the lesion, results were recorded m degree of response compared 
with the response obtamed from the correspondmg contralateral extremity 
subjected to the same test As the extremities of the opposite side presented 
no apparent changes after operation, this served as a control m eliminating 
a source of error that might have been mtroduced by the manifestation of 
the occasional stoicism found m the monkey 

The predonunant response to each test apphed is presented in Table 1 
which demonstrates the changes that have occurred on the homolateral 
side subsequent to severance of the lateral corticospmal tract The results 

* Aided by n grant from the Rockefeller Foundation 
t Medical Fellow of the National Research Council 

} Results of post-operatne alterations in temperature regulation in these monkevs 
lin\e been reported by Beaton and Lcimnger (1) ^ 
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The typical response to the placing of an object in contact with the 
plantar surface of the foot of the normal extremity of the monkey is a strong 
graspmg of the object The occasional atypical response to such a test is 
withdrawal of the foot m attempt to avoid the object The hmd hmb suf- 
fermg the paresis failed to show any response whatsoever m all animals 
except Ch-4 and Ch-8 m which a weak attempt to grasp was noted 

As has been reported by Hmes (3), the usual response to plantar stimu- 
lation m the normal monkey is an imtial extension and then a secondary 
flexion of the toes at the metatarsophalangeal jomts The affected foot of 
five monkeys of the present senes gave a response much dimmished m m- 
tensity and frequently not followed by the secondary flexion Ch-7 gave no 
response Ch-3, Ch-6, and Ch-10 showed a moderate response m both hmd 
exireimties 

The results of other tests apphed, tabulated m Table 1, also deserve 
consideration The Achilles tendon reflex of the paretic hmb, when ehcited 
m these animals, was h)rpoactive The absence of the placmg and hoppmg 
reactions m the affected hmb with the presence of an active cross-placmg 
response further demonstrates the loss of motor control The abdommal 
reflex was ehcited on the normal side m the animals tested but not on the 
paretic side On palpation of the muscles of the calf and thigh, a flabbmess 
was noted m the hmb of the operated side Atrophy of these muscles was 
evident after about three weeks, especially noted m the tnceps surae group 

The paresis occumng m the forehmb of the animals recovermg from 
cervical tractotomy tended to be more obscure Passive mampulation ^owed 
no mdication of the loss of tone m monkeys Ch-7, Ch-8, and Ch-9 However, 
the paretic forehmb of Ch-4 and Ch-10 exhibited a decreased resistance m 
both the flexor and extensor group of muscles The deep reflexes of these 
affected hmbs vaned m response from complete absence as m Ch-8 and Ch-10 
to no change as m Ch-4 and Ch-9, with Ch-7 demonstratmg the mtermediate 
or hjqioreflexia stage Graspmg with the paretic hand was very weak and 
mconsistent m all these animals and Ch-10 gave no response Palmar stimu- 
lation resulted m httle response 

In both the cervical and thoraac animals, tests for postural ngidity with 
the animal hangmg m the hammock showed no mcrease m the tone of the 
paretic extremities While hangmg, the normal extremitiea were constantly 
bemg flexed The paretic extremities, however, hung flaccidly extended and 
were never flexed 

Voluntary control of the movements of the arm at the shoulder suffered 
only a moderate loss The loss was more evident at the elbow and was rather 
complete for digital movements Gradual improvement was noted m the 
use of the arm, but digital paresis was permanent The deficit of motor 
control was more apparent m the affected leg whose activity was hunted 
to that of a strut m walkmg No recovery or compensation was observed 
for the loss of digital control m the toes The httle tone that was noted some 
weeks after operation seemed to appear first m the abductors and flexors of 
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normal or affected hmb The usual response to tapping the pateUar tendon 
on the side of operation was a slow to and fro swing of the lower leg in com- 
parison with the quick ]erk characteristic of the opposite or normal leg 
In monkey Ch-4 this pendulous response was replaced by a mere di min ution 
of the response obtamed The knee jerks of Ch-10 were of similar activity 


Test 

Passive rnanipulation 
Clonus 
Pm pnck 
Patellar reflex 
Achilles reflex 
Plantar stimulation 
Grasp 

Placmg reaction 
Hopping reaction 
Postural rigidity 
Palpation of muscles 
Atrophy 

Ahdommal reflex 

Passive manipulation 
Clonus 
Pm pnck 
Biceps reflex 
Tnceps reflex 
Palmar stimulation 
Postural ngidity 
Grasp 


Table 1 

Lower Extremities 


Normal 

Paretic 

normal tone 

hypotonuB 

absent 

absent 

normal response 

nonnal response 

active 

pendulous 

active 

h3^oactive 

active 

bttle response 

strong 

absent 

present 

absent 

present 

absent 

absent 

absent 

firm 

flabby 

absent 

present 

Abdomen 

active 

absent 

Upper Extremities 

normal tone 

slight hypotonus 

absent 

absent 

normal response 

normal response 

active 

bypoactive 

active 

hypoactive 

normal 

bttle response 

absent 

absent 

strong 

diminished to abs 


on both sides The contraction of the adductors of the opposite thigh was 
noted to occur frequently m aU monkeys when the pateUar tendon of the 
affected hmb was struck, but the reverse was not demonstrable 


Table 2 


t 

Ch-1 

Ch-3 

Ch-4 

Ch-6 1 

Ch-7 

Ch-8 

i Ch-9 

Ch-ioj 

Ch-H 


Muscle tone 

<nor 

<nor 

<nor 

<nor 

<nor 

<nor 1 

<nor 

<nor 

<nor 


Clonus 

abs 

abs 

abs 

1 abs 

abs 

abs ' 

abs 

abs 

abs 

Leg 

Knee jerk 

pend 

pend 

<nor 

pend 

pend 

pend 1 

pend 

, nor 

i pend 


Grasp 

Plantar atim- 

abs 

abs 
^ nor 

<nor 1 

abs 

abs 

<nor 

abs 

1 

I abs 

j 

abs 


Illation 

<nor 


<nor 

J nor 

abs 

<nor 

' <nor 

’ nor 

<nor 


* Muscle tone 

1 


<nor 

1 

nor 

j nor 

nor 

<nor 


Arm 

' Deep reflexes 

1 


nor 

1 

<nor 

abs 

nor 

abs 



j Grasp 

1 


<nor 


<nor 

j <nor 

<nor 

abs 

1 



nor «= normal 
<nor =leas than normal 
nbs •» absent 
pend ••pendulous 
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the thigh and flexors of the leg This tone was never sufflcaent, however, 
to obscure the definite hypotonus that existed in comparison with the tone of 
the normal leg 

Discussion 

It IS evident from these observations that interruption of the lateral 
cortico-spmal tract m the spmal cord of the monkey gives rise to a paresis 
m the affected limbs This paresis, which is more apparent m the lower than 
m the upper extremity, is characterized by a poverty of movement of the 
entire hmb, and also by an apparent lack of voluntary control of movement 
The paresis is less m the proximal muscle groups and more extreme m the 
distal, where it approaches a state of paralysis of aU digital motion There 
exists m these paretic limbs a diminished resistance to passive mampulation. 
This loss of tone is likewise mdicated by the flabbmess of the muscles on 
palpation In addition to this h 3 rpotomcity, the hypoactive or pendulous 
state of the tendon reflexes and the failure of clonus to develop, all defimtely 
mdicate the absence of spasticity after section of the lateral corticospmal 
tract 

The present results confirm those of Tower (4) who m 1940 reported that 
section of the p 3 o:amid m the monkey gave nse to a "hypotomc paresis” of 
the contralateral hmbs This term adequately descnbes the state found to 
exist m the present experiments after section of the cortico-spmal fibers 
withm the dorso-lateral column at cervical or thoraac levels It is generally 
beheved that there are fibers from higher levels of the bram descendmg 
through each half of the spmal cord to the antenor horn ceUs and exertmg 
an inhibitory influence upon their activity Release from this inhibitory 
influence is said to result m a syndrome of spasticity characterized by mus- 
cular hypertonus, hyperactive reflexes, and clonus If such fibers are present 
m the spmal cord of the monkey, the results of the experiments reported 
here mdicate that they do not he withm the lateral cortaco-spmal tract 


Summary 


Interruption of the lateral cortico-spmal tract m the spmal cord of the 
monkey results m a paresis that is more proroment m the lower than m the 
upper extremity, and that is riiore pronounced m the distal than m the 
proximal muscle groups 

This paresis is characterized by hypotomcity, h3p)oactive reflexes, and 
absence of clonus, mdicatmg that no descendmg inhibitory pathway whose 
mtemiption results m spasticity is present m the lateral cortico-spmal 
tract of the monkey 
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1 (a) a pseudo-chobneaterase from dog pancreas, prepared according to the method out- 
hned by Mendel and Mundell (2), QAei 600,000-700,000, (b) a pseudo-cholinesterase from 
horse serum, prepared according to a method as yet unpublished, QacI 40,000-70,000, 2 a 
true chohneaterase prepared from the electric organ of ElecCrophorus electrtcus A small 
amount of this matenal was made available to us through Dr C H Beat by Dr D 
Nachmansohn The matenal was punfied before using it m our expenments, Qaa >40,000 

I Effect of cholinesterase injections on injected acetylcholine 

Acetylcholine when injected into rats brings about an excessive secretion 
of sahva, intensive lacmnation and the appearance of a matenal m the tears 
which greatly resembles blood This matenal, an excretory product of the 
Hardenan gland, has been identified spectroscopically as a mixture of proto- 
porphynn and coproporphynn Freud, accordmg to Selye (4), descnbed the 
sheddmg of so-called bloody tears after acetylchohne administration 
Tashiro and his co-workers ( 6 ) proposed that the excretion, to which they 
apphed the name "chromodacryorrhea” be used as a biological assay for 
acetylchohne In unesennized rats they detected the excretion after mtra- 
pentoneal mjecbon of 2OOO7 acetylchohne or after mtravenous mjection 
of IO-I67 acetylchohne per 100 g body weight When administered mtra- 
venously to an esenmzed rat, however, as httle as 0 27 acetylchohne per 
100 g body weight could produce this effect In our expenments with imeser- 
mized young rats, the reddish tmge characten 2 ang this excretion could al- 
ways be detected with filter paper withm 5 mmut^ after the subcutaneous 
mjection of as httle as 25 O 7 acetylchohne per 100 g body weight 

In order to mvestigate the effect of mjected chohnesterase preparations 
on the porphynn excretion resultmg from mjected acetylchohne the fol- 
lowmg expenments were earned out ( 1 ) a female rat, weighmg 50 g re- 
ceived 1 mg acetylchohne chlonde subcutaneously Withm \ mmute, 
porphynn excretion was evident, the pupils were constneted and excessive 
sahvation was apparent (u) a female rat, weighmg 50 g , received 1 ml of 
an aqueous solution of 36 7 umts of dog pancreas pseudo-chohnesterase 
mtravenously Two mmutes later 1 mg acetylchohne chlonde was given 
subcutaneously There was no abnormal sahvation, no lacnmation nor 
evidence of porphynn excretion, the pupils seemed larger and no hght reac- 


releases one molecule of carbon dioxide from the bicarbonate Therefore, the quotient, 

volume of COt (m tH) 

[time (m hrs )] X [dry wt of enzyme preparation (in mg )] 
which will be denoted by the symbol QAcb, is a measure of the punty of the enzyme prepa- 
ration 

The amount of enz3rme capable of causmg the evolution of 1 ml CO3 per mmute at 
a substrate concentration of 1 per cent ace^lchohne for the pseudo-chohnesterase and 
10 mg per cent acetylchohne for the true chohnesterase is defined as one umt of chohnes- 
terase 

f Although the activity of the pseudo-chohnesterase is only shght at the low acetyl- 
chohne concentrations which probably occur under normal physiological conditions, we 
have compensated for its small activity at these levels by buildmg up an excessive con- 
centration of this enzyme m the experimental ammals 
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Although experimental results published during the past twenty years 
have presented strong mdications that acetylchohne is produced m the 
course of the transmission of nerve impulses from postganghomc chohnergic 
nerves, from preganghomc endmgs m the autonomic nervous system, at 
voluntary motor nerve endmgs and possibly at central synaptic junctions, 
the controversy whether acetylchohne is essential to the process of trans- 
mission has not as yet been defimtely settled 

We have attempted to re-mvestigate this question by u tilizin g highly 
purified chohnesterase preparations which would ehmmate acetylchohne 
and thus afford a means of ascertaimng its significance If acetylchohne is 
essential for sjmaptic and postganghomc transmission m the parasympa- 
thetic nervous system, a reflex which is dependent on the mtegnty of this 
system should be abolished if acetylchohne were removed as qmckly as it is 
produced This, essentially, was the hypothesis tested m the experiments to 
be reported 

Before attemptmg to mvestigate the effect of the removal of acetylcho- 
hne on nerve impulse transmission, it was necessary to ascertam whether 
the chohnesterase preparations to be utihzed as an instrument m this m- 
vestigation could act on acetylchohne mjected into the animal body The 
present report is therefore divided mto two parts (i) the effect of chohnes- 
terase mjecbons on mjected acetylchohne, (n) the effect of acetylchohne 
removal on nerve impulse transmission This latter effect was judged with 
specific relation to one reflex arc 

Chohnesterase preparations used 

It has been demonstrated (3) that two types of chohnesterase exist in the animal 
body (a) a specific enzyme which hydroljses only certam esters of cholme, cxertmg its 
maximum activity at acetylchohne jroncentrations as low as 3 mg per cent, and dis- 
playing increasing inhibition at increased substrate concentrations, (b) a non-specific 
enzyme, pseudo-chohnesterase, which is capable of hydrolysing both cholme and non- 
chohnc esters, exhibiting its optimum actintj at acetj Ichohne concentrations abov e 300 

mg per cent— concentrations which are probably above physiological range Both types 

of chohnesterase were used *t 


* The activity of the enzyme preparation was measured manometncallv bv War- 
burg s method at 37 5'C in a 0 025 M NnHCOa solution saturated wath 5 per cent carbon 
dioxide (pH 7 4) Each molecule of acid liberated from the acetylchohne du^ng hy d^ly sis. 
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Table 1 


Tune after 
injection of 
Ch-E 

Chohnesterase, 

Amt of Ach 


umts/ml blood 
at 1 per cent 

per 100 g body 
wt given 

Reaction 

acetylchohne 

subcutaneously 


27 hrs 

4 3 

1 mg 

no salivation, lacnmina 

72 hrs 

1 

1 92 

i 

1 mg 

porphjmn excretion 
slight sahvation, but no ] 




nn excretion 

120 hrs 

0 46 

1 

1 mg 

sahvation after 1 min , 
porphjTui excretion 

144 hrs 

0 30 

1 mg 

1 sahvation after J min , 1 
tion, but no porphyrin e: 

164 hrs 

0 17 

1 mg 

salivation after 1 min , e: 
porphyrin excretion 

188 hrs 

0 09 

1 mg 

sahvation and porph 3 rru 

1 



tion before 1 mm 

236 hrs 

0 03 



288 hrs 

0 02 



336 hra 

0 008 




(normal level) 

1 



II Effect of removal of acetylcholine on nerve impulse transmissio 

Since it was evident that the cholinesterase preparations were able 
on injected acetylchohne within the animal body, it seemed po 
through the mjection of these preparations, to decide whether the re 
of acetylchohne, physiologically produced, would have any effect on 
impulse transmission 

Up to the present time the majonty of the expenments designed 
vestigate synaptic transmission have been of an electrical nature 1 
expenments, hght, the natural stimulus for the reflex mvestigated wj 
ployed The direct hght reflex was brought mto action and pupd sizes i 
as an mdicator of the experimental results Engelhart (1) demonstrat 
presence of acetylchohne m the ins, cihary body and aqueous humor 
esemuzed rabbit’s eye, which had previously been exposed to hght I 
could detect no acetylchohne m an eye which had not been subjeci 
dlummation 

METHOD 

Young albmo rats, weighing 45-66 g , were used The hght source employed 
stimulus was mamtamed at a constant distance of 41 inches from the eye, the fllum 
hemg Bupphed by a 100W-120V bulb The hght mtensity reaching the eye throv 
aperture m the screen was of the order of 2 6-3 foot candles, as measured with a ph 
cell An Argus model camera was mounted on an immovable base, to which an i 
screen was attached at a constant distance from the lens This screen was provided 
central openmg through which the eye would show when the animal was placed c 
behmd it 

The results were recorded photographica^ on infra-red film, the pictures m hoi 
and dark being taken with photoflash bulbs The duration of the flash (1/50 sec ) a 
no tune for constriction of the pupil since its outhne proved to be sharp m photo 
taken m the dark 

The experimental ammals were not Emaesthetized since pupil size deviates 
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tion seemed evident (m) a female rat, weighing 50 g , received an intra- 
venous mjection of 1 ml of an aqueous solution of the same dog pancreas 
pseudo-chohnesterase preparation, previously mactivated hy heat. Two 
mmutes later a subcutaneous injection of 1 mg acetylcholme chloride was 
given Withm 5 mmutes there was excessive sahvation and porphyrin ex- 
cretion, and the pupils were constricted. 

These experiments which were repeated on different rats, with the same 
results, demonstrate that the porph 3 rnn excretion normally foUowmg an 


Roie of Disappearance of Horse Serum Pseudo-Chohnesterese 

from the Blood 



mjection of acetylchohne is prevented by an mjection of pancreas pseudo- 
chohnesterase It IS evident that the absence of the porphyrm excretion is 
due to the enzyme action, smce the mactivated preparation is imable to 
abohsh this effect of acetylchohne Changes m pupil size noted m these ex- 
periments were exammed subsequently imder different conditions and the 
results will be taken up later m this paper 

Porphyrm excretion could similarly be prevented by the mjection of 
pseudo-chohnesterase from horse serum Unlike the pseudo-chohnesterase 
from dog pancreas, which disappears almost completely from the circulation 
withm one hour, the enzyme from horse serum leaves the blood stream very 
slowly (Fig 1) The effects of a smgle esterase mjection could therefore be 
followed at different blood-esterase levels m the same animal for a consider- 
able length of time 

Four sets of ex-penments were earned out with different preparations of 
pseudo-chohnesterase from horse serum Table 1 shows the data from one 
of these ex-penments It may be seen that an mjection of 60 umts of horse 
serum pseudo-chohnesterase (QacH 66,000) could protect the animal for 164 
hours agamst the chromodacryorrhetic effect of acetylchohne 
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Pupil Sizes y^rter liyectlon of Pstudo-CMmesteros'a 
from Hors* Serum 


0 Norma l 


Cstfrasr 


Lisht 
a min. 


f? 




ft 


Fig 3 Pj was taken 35 minutes after 
the injection of the enjyme preparation 
All diagrams in this figure are 17 times the 
original pupil sizes 


Figure 6 represents diagrammatically the pupil sizes of a rat before and 
after injection of 1 ml of a solution of 60 units of horse serum pseudo- 
cholinesterase 



P, P. P. 

Fig 4 Picture Pi represents pupil size in the normal rat after an exposure to light of 
3 minutes, picture P- represents pupd size m the same animal after an exposure to the dark 
of 46 mmutes, picture Pi represents the pupil size of the same rat after exposure of 3 min- 
utes to hght, followmg injection of 33 units of horse serum pseudo-cholmesterase 


Figure 6 shows the effect of 1 ml of Ringer’s solution and of 1 ml of 
the esterase solution previously mactivated by heat, on the pupil size of 
another rat 

The latter figure demonstrates that the mactivated preparation causes 
no further effect on pupil size than the shgbt dilatation produced by the 
Ringer’s solution Any inhibition of the constnctor mechamam observed m 
Fig 5 must therefore be due to the action of the active enzyme 

Figure 7 presents diagrammatically the pupil sizes foimd before and after 
the mtravenous mjection of 6 4 umts of tiiie chohnesterase obtamed from 
the electric organ of Electrophones electneus Smee only a limited quantify 
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anaeathesja and vanationa in cell permeability under such conditions might also affect 
the action of injected chohnsterase In unanaesthetized animals, emotional and psychical 
changes might give rise to variations in pupil size, but control runs on rats’ pupils exposed 
to light showed that under the experimental conditions marked constriction was always 
obtained, though its extent varied from one animal to another 

The eye was exposed to the light source for 3 rmnutes, in order to obtam maximum 
constriction A stronger stimulus could have achieved this effect in a shorter tune but the 
tuiimal might then have closed its eye or the unaccustomed light mtensity might have 
served as a fright stimulus In almost all experiments pupil sizes after the injection of m- 
activated preparations were recorded to prove that no material capable of causing dilata- 
tion Was present m the solution As a basis for comparing the results after mjection of 
inactivated esterase with those obtained in situations involving similar psychical phe- 
nomena, pupd sizes after mjection of Ringer’s solution were recorded in some cases All 
solutions used in these experiments were injected mto a caudal vein 

Results 

Figure 2 gives a diagrammatic representation of the pupil sizes obtamed 
from a rat before and ai^r an mtravenous mjection of 0 9 ml of an aqueous 


Pup^ AftBT IniBct/on of PSBUC/O Choimesteraao 

from Oo^ Poncroo^ 


Fig 2 and P» represent pupd sizes 
ten minutes after mjection of the active 
and mactivated preparations respectively, 
P« and Pj represent pupil sizes 45 mmutes 
after mjection of the active and inacti- 
vated preparations respectively AU dia- 
grams m this figure are 17 tunes the orig- 
inal pupd size 



fa fi (3 




solution of 37 umts of dog pancreas pseudo-chobnesterase and of 0 9 mb of 
the same preparation, previously mactivated by heatmg for 30 mm at 
60°C It be seen from this figure that after the mjection of the cho- 
hnesterase the pupil size in the hght (see P4) approaches the pupil size re- 
corded on the dark under normal conations (see Pj) The pupil sizes after 
injection of the mactivated esterase seem to indicate the presence of some 
parasympatheticomimetic substances in the preparation The experiments 
TOth active esterase, however, bear out that the enzyme is able to inhibit 
the normal hght reflex in spite of the action of these constnctor substances 
Figure 3 shows diagrammatically the comparative size of the pupil of a male 
rat before and after the injection of 33 umts of horse serum pseudo-chohn 
esterase The pupil sizes indicate that the pseudo-cholinesterase from horse 
serum is also capable of preventing the light reflex almost completely The 
actual photographs taken in this experiment are shown m Fig 4 
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Discussion 

Four points exist m the pathway of the direct hght reflex where the trans 
mission may be affected by the mjected cholinesterase (i) the S3mapses m 
the retma, (u) the central synapses m the oculomotor nuclei, (m) the 
s3aiapses m the cfliary ganghon, and (iv) the endmgs of the short cihary 
nerves on the sphmcter pupfllae 

Although it 18 impossible to decide from the experimental set-up at which 
pomt or pomts the esterase is effective, and although our experiments do not 
disclose the mechanism by which acetylchohne exerts its effect m the 
process of transmission, they do provide defimte evidence that acetylcho- 
hne IS essential for the transmission of the impulse to the sphmcter pupfllae, 
smce its removal by chohnesterase abohshes the contmmty of the impulse 
pathway Similar experiments with chohnesterase mjections on other ef- 
fector organs innervated by chohnergic nerves must be undertaken, however, 
before any general statement regardmg the role of acetylchohne m impulse 
transmission can be made 


Summary 

Purified chohnesterase preparations, mjected mtravenously, are capable 
of actmg withm the animal body, thereby preventmg the chromodacryor- 
rhetic effect ordmanly obtamed from mjected acetylchohne 

It has been possible to prove, through the mjection of these enzyme 
preparations, that acetylchohne plays an essential role m the transmission 
of nerve impulses to the sphmcter pupfllae By measurmg pupil diameters 
under constant experimental conditions, it has been demonstrated that the 
direct hght reflex is partially or totally abohshed by the mjection of cho- 
hnesterase preparations, mdicatmg that the mtegnty of the reflex depends 
on the presence of acetylchohne at some pomt or pomts m the pathway of 
the nerve impulse 
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of this matenal was available, it was not possible to investigate its action 
more fuUy, but it is evident from the experimental records that this enzyme 
IS also capable of preventmg the normal reaction of the pupil to light 


Fig 5 Pj represents pupil size in a rat 
15 minutes after the injection of horse 
serum pseudo-cholinesterase The dia- 
grams m this figure are 20 tunes the actual 
pupil sizes 
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Fig 6 P 4 and P- represent pTOil sizes 
28 minutes after the injection of Ringer’s 
solution and inactivated esterase prepara- 
tion respectively Pj and P» represent pupil 
sizes 15 minutes after mjection of Rmger’s 
solution and the inactii.’ated enzyme prep- 
aration respectii ely, m the dar^ The dia- 
grams in this figure are 17 tunes the actual 
pupQ sizes 



UJfrf 0 
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Fig 7 Pj, Pi and Pj represent pupil 
sizes of the rat at 5 minute intervals, start- 
ing 3 5 min after the injection of 5 4 units 
of true cholinesterase The diagrams in this 
figure are 17 times the actual pupil sizes 
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neck A condenser coupled amplifier and a commercial cathode ray oscilloscope were used 
for amplifying and recordmg potentials of the phrenic nerve Bnef condenser shocks (tune 
constant, 0 1m sec ) were applied to the inspiratory center, or to the descending respuatoiy 
pathways in the spmal cord, through bipolar needle electrodes oriented in stereotaxic in- 
struments A two channel stimulator with independent output circuits was used m these 
experiments The stimulator was triggered by a mercury switch activated by a respiratory 
tambour, and adjusted to dehver the stimuli in mid-inspiration or mid-expuation 

REStnLTS 

Response of phrenic neurons to single shocks applied to the inspiratory 
center A single ^ock applied to the inspiratory center leads to the discharge 

of a temporally dispersed voUey of 
impulses over the phremc nerve, 
lastmg some 10 to 20 m sec As is 
evident from Fig 1, the latency is 
bnef durmg mspiration, and aver- 
aged about 3 m sec in this and m 
other experiments, while dunng ex- 
piration, it IS prolonged to 6 to 9 
m sec In this experiment, the con- 
duction distance from the stimulat- 
mg electrodes to the recordmg elec- 
trodes amounted to approximately 
100 mm , 55 mm m the medulla 
and spmal cord, to the 5th cervical 
root, and 45 mm over the phremc 
nerve Assummg a synaptic delay of 
about 1 0 msec at the phremc nu- 
cleus (7, 16), the latency durmg m- 
spiration would suggest that the 
shortest effective pathway has prob- 
ably one, and at most two, synaptic 
breaks Durmg expiration, on the 
other hand, the shortest effective 
pathway must mclude several neu- 
rons An essentially maximal re- 
sponse was obtamed durmg inspira- 
tion, with an arbitrary stimulus m- 
tensity of 15,* while durmg expira- 
tion, stimuh more than three tunes 
this mtensity produced lesser responses Thus cert ain phremc motor neurons 
are relatively maccessible to smgle voUeys of impulses from the mspiratory 
center m the absence of some facihtatave background of respiratory activity 
Facilitation of phrenic neurons We have studied the tune course and de- 
gree of facihtation of phremc neurons by quantitatmg the nerve response to 

* In expemnent 6 potentiometnc unita correspond approximately to a peak load 
voltage of IV 


exMntTioN iNSf^MnoN 



Fig 1 Phremc nerve response to single 
shocks of various intensities apphed to the 
inspiratory center during the rmd-eipiratory 
and nud-mspiratory phases of the respiratory 
cycle Intensities m arbitrary potentiometnc 
umts, 50 potentiometnc umts, approximately 
10 peak V 
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Trains of unpiilses, conducted over phrenic and dorsal nerves to the dia- 
phragm and mtercostal muscles, produce rhythmic inspiratory expansions 
of the thorax The frequency of impulses m any given motor unit and the 
number of motor umts active determine the depth of inspiration (1, 3, 4) 
If the inspiratory center m the medulla oblongata is stimulated with re- 
petitive shocks, these motor imits respond, and the frequencies at which 
they respond, and the numbers which are active, are determmed by stimulus 
frequency and mtensity (10) These experiments suggest that a number of 
descendmg motor pathways connect the center with the several efferent 
neurons They mdicate also that the frequency at which any given effer- 
ent neuron is caused to fire is related to the average number of impulses 
reachmg it per umt of tune, i e to the number of these pathways activated, 
and to the frequency at which each transmits impulses A limitmg factor 
would logically be the instantaneous excitabihty of the efferent neuron at 
intervals after it has discharged an impulse One might well assume a bal- 
ance between these two factors as the final determmant of frequency 

Typically, phremc neurons of the cat fire spontaneously at frequenaes 
well below 50 per sec , the majority of those which are active fire from 10 to 
30 times per sec at the peak of inspiration If the above assumptions con- 
cermng the determmation of discharge frequency are correct, one would 
predict that excitabdity is reduced, at least relatively, for penods as long 
as 100 m sec after the discharge of an unpulse With extreme asphyxial 
stimulation, however, discharge rates as high as 100 per sec have been ob- 
served Accordingly, one must assume that activation of a sufficient number 
of spmal respiratory pathways, at a high enough frequency, is capable of 
re-excitmg phremc neurons even dunng relative refractormess The present 
study IS directed toward the quantitation of changes m exatabihty ex- 
hibited by phremc motor neurons when they are subjected to voUeys of 
impulses descendmg from the respuatory center These experiments bear 
out the above predictions, and m addition throw further hght on the natine 
of repetitive activity of motor neurons 
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tive action on phrenic neurons of the normal inspiratoiy center discharge 
Furthermore, the discharge of these motoneurons, in response to a single 
shock, IS limited to the mterval dunng which facihtation from that shock 
exists It would seem that the neurons respondmg, after all but the bnefest 
latencies, do so only after some degree of facihtataon has been developed 
This relatively long lastmg facihtation finds explanation m terms of pro- 
longed dehvery of intemeuron impulses to the motoneurons over delay 
pathways or by way of reverberating circuits (8, 14) 

Subnormality in phrenic neurons If the conditiomng shock is mcreased 
m intensity, and delivered durmg inspiration, so as to cause a fair proportion 



Fig 3 Phrenic nerve response to a testmg shock of moderate intensity (3V) foUowmg 
a stronger conditioning shock (8V) at various mtervals Shocks applied dunng mid-inspira- 
tion In the graph the area of the response to the testing shock is plotted as a function of 
the mterval between the shocks 

of the phremc neurons to respond, and if the testmg shock is also mcreased 
somewhat m mtensity, a different cycle of excitabihty change occurs 
Figure 3 (C to L) illustrates such an experiment, plotted, on the right, m a 
fashion identical to that of Fig 2 The test response, unconditioned m 
record B, is progressively reduced (C to F), as the mterval between condi- 
tionmg and testmg shocks is reduced This extmction of response is most 
marked when the mterval is 20 to 25 m sec , as shown on the graph When the 
mterval is further reduced, the testmg response mcreases m magmtude (G 
to K), and may show defimte facihtation when the mterval is about 5 msec 
With still shorter mtervals, the response drops off agam One is tempted to 
assume by comparmg Fig 2 and 3, that two processes, altering excitability 
m opposite directions, are simultaneously mitiated by strong conditionmg 
stunuh A weak conditioning stimulus, causmg few phremc neurons to re- 
spond, accentuates the facditative process, Fig 2 A strong conditiomng 
stimulus, causmg many phremc neurons to respond, brmgs mto play simul- 
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a constant testing stimulus, mtroduced into the mspiratory center at various 
inten^als after a constant conditioning stimulus Obviously, the height of a 
response, as temporally dispersed as those shown m Fig 1, is not a very good 
indication of number of respondmg neurons, and hence of the average ex- 
atabihty of the segmental population Area would seem to be a more quan- 
titative measure of neuron activity Accordingly response areas were 
measured, by means of a planimeter, on enlarged tracmgs of the records 
Measurement was comphcated by the necessity for mtroducing a variable 
factor to correct for non-hneanty of the sweep. Smce the response itself is 
inherently somewhat variable, routmely three records were taken at each 
shock mterval, and the response areas for the three averaged 

Figure 2 (C to K) shows the response to a threshold testmg shock apphed 



Fig 2 Phrenic nerve response to two equal shocks of threshold intensity apphed to 
the mspiratory center in succession at intervals of 0 5 to 25 m.sec Shocks apphM during 
nud-eipiration In the graph the area of the response to the second or testing shock is 
plotted as a function of the mter\al between it and the first or conditioning shock. 


to the meduUa at varymg mtervals after a conditionmg shock of equal 
threshold mtensity All records were taken durmg mid-expiration The 
average total response area, mmus that of the response to the conditioning 
shock alone, i e , the area of the conditioned test response, is plotted in the 
graph on the right, agamst the mterval between the two shocks Areas are 
expressed m arbitrary imits which are comparable only within a given senes 
of experiments Facditation is first evident when the conditionmg shock 
precedes the testmg shock by 1 5 m sec (E), increases to a maximum when 
the mterval is from 3 to 5 m sec (F and G), and disappears after 25 to 30 
m sec While facditation may be readdy demonstrated during both mspira- 
tion and ex-puation, it is most apparent m the latter phase, when the m- 
spiratory center is quiescent 

The greater magmtude of phremc nen'e response to a smgle shock durme 
mspiration than durmg e.xpiration (Fig 1), finds explanation in the facdita- 
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given at the left An intensity of 10* constituted threshold for the neuron of 
greater spike potential, 40, for the one of lesser spike potential Latency 
diminished from 18 m sec at threshold, to 9 m sec at an mtensity of 30, 
for the neuron of larger potential For the other neuron latency shortened 
only shghtly at mtensities above threshold The development of a cntical 
degree of facihtation can evidently be hastened considerably m certam m- 
stances as a result of mcreasmg the number of descendmg respiratory path- 
ways active (i e by mcreasmg stimulus mtensity) In no preparation have 
we observed a repetitive response from a smgle shock, no matter how high 
the mtensity Thus the temporally dispersed character of the discharge, 
shown m Fig 1, represents for the most part, variation m the time necessary 
for the several neurons to attam this cntical state of facihtation 

In the second group of records titled facilitation, two stimuh of approxi- 
mately half of nuuimum threshold mtensity (one eighth threshold for the 
neuron of lesser spike potential), were mtroduced mto the respiratory center 
at var 3 nng mtervals When the mtervals between condibonmg and testing 
stimuh amounted to 3 to 14 m sec , the neuron of greater spike potential 
responded (B to E) Wi thin the restncted himts of 3 to 6 m sec , the other 
neuron, of much higher threshold and lesser spike potential, also responded 
The response of this neuron may be observed as a small deflection on the 
down slope of the spike m record B, which precedes the spike m C 

In the third group of records titled extinction, a strong conditiomng 
stimulus, to which both neurons responded (record G), was followed at vary- 
mg mtervals by a moderate test stimulus, to which only the neuron of lower 
threshold responded (record H) With mtervals from 80 to 20 m sec the 
response to the testmg shock was extmguished, while with mtervals from 
20 to 3 m sec a testmg response was agam obtamed When the testmg stimu- 
lus followed the conditiomng stimulus at mtervals less than 3 m sec , no 
response was obtamed 

Similar experiments durmg the mid-mspiratory phase of the respiratory 
cycle were difficult to mterpret, for it was impossible, with apparatus avail- 
able, to mtroduce a stimulus mto the mspiratory center, m fixer! relation to 
a spontaneously fired phremc neuron impulse Hence no control could be 
exerted over the spontaneous fiuctuations m exatabihty of the neuron m 
question Results quahtatively similar to those of Fig 4 were obtamed m 
^e other seven experiments 

However, as one might anticipate, the mtensity of the testmg stimulus 
largely determmed the apparent duration of subnormahty, and if a testmg 
stimulus of sufficiently high mtensity were employed, no phase of extmction 
of response could be demonstrated m some neurons, beyond a short mitial 
penod of unresponsiveness The use of the smgle neuron preparation is ob- 
viously of limited apphcation m determmmg the varymg magmtude or the 
tnup! course of an exatabihty change, smce its response is of an aU or none 

* In this expeixment 10 potentiometnc units correspond approximately to a peak load 
voltage of 3V 
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taneously both facibtation and subnormahty Early m recovery from such 
a strong conditioning stimulus, a more short-hved facihtation might out- 
wagh depression of excitabihty, but later, a longer lastmg depression would 
become more evident It is mterestmg to observe that the spontaneous dis- 
charge of impulses mto the phremc nerve (Fig. 3A) is abohshed for the dura- 
tion of the penod of subnormahty (note especially H to L) 

Facilitation and subnormahty in single motor units To relate these average 



Fig 4 Response of two phrenic neurons to shocks appbed to the inspiratory center 
dunng mid-exprration Intensity records, single shocks at various intensities from 10 to 
100 arbitrary potentiometnc units (approximately 3 to 30V) Facilitation records, two equal 
subthreshold shocks at intervals of 1 to 16 m sec Extinction records, conditionmg shock 
of 15 V followed at various intervals by a testing shock of 6V The first deflections m records 
G and H are the shock artifacts of the conditioning and testing shocks respectively 

changes m excitabihty of a segmental population of motoneurons to the 
behavior of the individual umts of the group, we have studied some eight 
smgle or double phrenic neuron preparations under surular experimental 
conditions In Fig 4 are presented records from one such prepm-ation m 
which the responses of two neurons, distmguishable by differences m spike 
potential, are evident Gradual detenoration of the end of the fiber accounts 
for the reduced response of the neuron of lesser potential m the records titled 
facihtation All records were taken durmg mid-expiration In the first senes 
of records, smgle shocks of progressively mcreasmg mtensitv were annhed 
to the mspiratory center Intensities, in arbitraiy potentiometnc umte a^e 
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compares the excitabihty changes following a strong conditiomng stimulus, 
when measured by testmg shocks of moderate mtensity (open circles), and 
when measured by shocks of high intensity (sohd circles) The times of the 
mitial peak, the succeedmg depression, and the final return to normal ex- 
citabihty are not sigmficantly different m the two mstances, although the 
changes are accentuated by usmg weaker testmg stimuh 

Choice of mtensity of the testmg shock alters apparent magmtude but 
not tune course of the excitabdity changes which foUow conditiomng shocks 
of fixed mtensity, choice of mtensity of the conditionmg shock obviously al- 
ters both magmtude and time course, and as well, the character of these 




Fig 6A A companaon of the changes in excitabihty resulting from conditioning 
shocks of three intensities sub threshold (open circles), low mtensity (solid circles), moder- 
ate mtensity (triangles) The testmg shocks were equal and subthreshold for all Stimuh 
were apphed to the inspiratory center durmg mid-expiration Note that the degree of faah- 
tataon at first was increased and then diminished as a result of progressive increase m m- 
tensity of the conditioning stimulus 

Fig GB A comparison of the changes in excitabihty resulting from strong conditiomng 
shocks (open circles) and essentially maximal conditiomng shocks (sohd circles) The testmg 
shocks were moderate and of such mtensity as to permit quantitation of both mcreases and 
decreases m excitabihty Stimuh were apphed to the mspiratorv center durmg mid-m- 
spiration 

changes In the experiment shown m Fig 6A, just subthreshold shocks were 
used to test excitabihty foUowmg conditiomng shocks of three mtensities 
just subthreshold (open circles), low mtensity (sohd circles), and moderate 
mtensity (triangles) All stimuh were apphed to the inspiratoiy center durmg 
mid-expiration Marked facilitation follows conditiomng shocks of all three 
mtensities, but there is evident a somewhat perplexmg variation with m- 
tensity m the degree of facilitation Facihtation mcreased as the mtensity 
of the conditiomng stimulus was raised from below threshold values to 
shghtly above threshold, and then decreased as mtensity of the conditionmg 
stimulus was further raised, as may be seen m the lower curve of Fig 6A 
This apparent decrease m facihtation sets m at an mtensity of the condi- 
tioning stimulus which leads to significant motoneuron discharge, and in 
general, the reduction is related to the magmtude of that discharge 
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character Accordingly experiments were performed, utilizing the entire 5th 
root of the phremc nerve, to determme m what way mtensity of testmg and 
conditiomng stimuh modify these apparent changes m excitabdity 

Influence of testing shock and conditioning shock intensity on apparent ex- 
citability change Figure 5A is a comparison of the apparent changes m 
excitabdity, foUowmg a near threshold conditiomng stimulus, when they are 
measured by testmg shocks near threshold (open circles), and when they are 
measured by shocks of moderate mtensity* (sohd circles) The stimuh were 
apphed to the mspuratory center durmg mid-expuration For both curves, 




Fig 5 a A companson of the changes in excitabihty resulting from threshold condi- 
tioning shocks when measured by testing shocks near threshold (open circles) and of 
moderate mtensity (sohd circles) Stimuh were apphed to the msprratory center durmg 
nud-expiration 

Fig 6B a companson of the changes m exatabihty resultmg from strong conditiomng 
shocks when measured by testmg shocks of moderate mtensity (open circles) and high 
mtensity (sohd circles) Stimuh were apphed to the mspuatory center durmg mid-inspira- 
tion 


the response to the conditiomng stimulus m isolation amounted m arbitrary 
area umts to 4 The response to the weaker testmg stimulus m isolation was 
also 4, while to the stronger testmg stimulus the response amounted to 30 
It IS apparent from these curves that the average time course of the facihta- 
hon which results from such low mtensity conditiomng stimuh is not al- 
tered by the choice of the mtensity of the testmg shock, though the relative 
degree of facditation is greater when measured with weaker testmg shocks 
Similar conclusions may be drawn concemmg the effect of testmg shock 
mtensity on the measurement of exatabihty after strong conditiomng stim- 
uh, apphed to the inspiratory center durmg mid-mspiration Figure 5B 


- In this and succeeding expenments we haie expressed intensities m relatn e desmn- 
tiv e terms We ha\ e done so because we feel that peak load \ oltages ha\ e httle 
m the absence of knoii ledge of exact distances ofThe stimulating 

excitable structures Slight % anations in the position of the electrodes creatlv al w i a 

stimulus intensity (9), and ob^aousli m our seieral experiments thSe^^t.o^ iJ^Sn 
significant Intcnsitire in all our expenments haie been wthm the range of 1 to ^ 
for the most part wathin 1 to 15\ ° oUV, 
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IS plotted as the zero reference level Vanations above this reference level 
indicate facditation, vanations below, indicate subnormahty Subtractmg 
curve B from A, yields C The actual form of the mitial part of curve C, and 
the eittent of the subnormahty which it mdicates should be considered as 
havmg only quahtattve sigmficance For instance, shght displacements of 
curves A and B which are well withm the range of expenmental vanabihty, 
may considerably alter the imtial part of curve C Also it is qmte reasonable 
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Fig 8 A graphic analysis of the changes in excitabihty produced by weak and strong 
conditioning shocks apphed to the inspiratory center Data obtained from Fig 7, explana- 
tion of the analysis m the text 

to assume that the actued magmtude of the facihtative process is greater with 
the stronger conditionmg shock than with the weaker Hence the extent of 
the depression of excitabihty is really much greater than that shown by 
curve C But such a plot does illustrate that a strong conditioning stimulus 
mitiates two mdependent processes, one, characterized by mcreased ex- 
citabihty , the other by depressed excitabihty In all of our experiments, the 
latter change seems correlated with the numbers of respondmg motoneurons 
Site of excitability change The possible sites at which these changes m 
exatabihty rmght occur, and hence the structures mvolved are suffiaently 
few m number to encourage an attempt at their elucidation Experiments to 
be presented mdicate that facihtation results largely fi-om repetitive activity 
of inspuatory center neurons, and only to a mmor degree from repetitive 
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The process may be followed further by mcreasmg the mtensity of the 
test stunulus to such a value that both mcreases and decreases in excitabihty 
may be quantitated Such an experiment is illustrated m Fig 6B, m which, 
dunng mid-mspuration, the excitabihty changes were followed after strong 
(open circles), and essentially maxunid (sohd circles) conditionmg shocks 
Both degree and duration of subnormahty mcreased when greater numbers 
of motoneurons were caused to fire by mcreasmg the mtensity of the condi- 
homng shock 

In the experiments outhned above we have arbitrarily chosen to demon- 
strate mcreases m excitabihty followmg weak conditionmg shocks by de- 
hvenng them to the mspiratory center durmg mid-exspuration To demon- 
strate depression of excitabihty, on the other hand, strong conditionmg 


Fig 7 A comparison of changes in ex- 
atabihty produced by threshold and by 
strong conditioning shocks The testing 
shocks were moderate and of such mten- 
sity as to permit quantitation of both m- 
creases and decreases m excitabihty Sti m u li 
were apphed to the mspiratory center 
durmg mid-expiration 



shocks have been apphed durmg mid-mspiration The reason for this choice 
hes m the fact that even weak conditionmg stimuh, mtroduced durmg m- 
spiration, cause the firmg of appreciable numbers of phrenic motoneurons 
These neurons are apparently already somewhat faohtated by the impulses 
from an active mspiratory center Hence even though an mitial phagp of 
facihtation may be demonstrated followmg the weak stimulus, it is suc- 
ceeded by appreciable subnormahty On the other hand, a weak or even 
moderate stunulus durmg expuation may produce marked facihtation, yet, 
smce few motoneurons discharge, no reduced excitabihty follows By proper 
choice of mtensities of both conditionmg and testmg stimuh, however, the 
same phenomena may be demonstrated m either phase of the respiratory 
cycle 

Dual nature of excitability change following strong shocks To illustrate 
further the dual nature of the changes m excitabihty produced by strong 
stunuh, two mtensities of conditionmg stimuh vere chosen, one of which 
produced facihtation alone, the other, facihtation followed by subnormahty 
The stimuh were apphed to the mspuatory center durmg mid-expuation and 
exatabihty was quantitated by a constant test stimulus The experimental 
data are shown m Fig 7, and the smoothed curi’es are plotted as A and B m 
Fig 8 In the latter figure, the magmtude of the imconditioned test response 
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5 m sec (F, G, H) Extinction of the testing response occurred at 8 m sec 
and for a considerable penod thereafter Since latency amounted to about 
2 m sec m this experiment for a total conduction distance of 70 mm , the 
response to a smgle voUey of impulses (I, J) must represent direct activation 
of some phremc neurons by endings of tract fibers The facihtated responses 
(C to G) probably represent the addition of other neurons discharged as a 
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Fig 10 A companaon of degree and time course of subnormality of phrenic neurons 
induced by drormc and antidroimc excitation The testing ahocks in both instances -were 
apphed to the spinal respiratory pathways In the records of dromic excitation, the condi- 
tioning shocks were apphed to the spinal pathways through the same electrodes In the 
records of antidromic excitation, the conditioning shocks were apphed to the phrenic nerve 

result of comadence of the second tract volley and local mtemuncial im- 
pulses set up by the first volley For the very brief shock mtervals m records 
C and D, a smgle relay mtemeuron is probably mvolved For the mtervals 
shown m records E to G, a short cham of mtemeurons probably contmues 
to dehver impulses for some 6 m sec 

A comparison of the records of Fig 2 and 9, however, illustrates the fact 
that facihtation (as mdicated by an mcrease m response area) is less stnkmg 
and much less persistent followmg a conditiomng shock to the descendmg 
respiratory tracts, than when apphed to the cento This is emphasized by 
the fact that significant responses could not be obtamed with smgle stunuh 
apphed to the tracts durmg expiration, i e in the absence of a facditative 
background of mspnatory activity We may assign the major part of the 
facihtation produced by a smgle conditiomng stunulus m the medulla to 






REPETITIVE ACTIVITY AND PHRENIC NEURONS 449 

spinal mtemeuron activity Subnonnality, on the other hand, is largely resi- 
dent in phrenic motoneurons, and to a lesser extent m spmal mtemeurons 
and respiratory center neurons A number of experiments were performed m 
which the spmal cord was systematically stimulated at the first cervical level 
with mmute needle electrodes onented to various depths with an adjustable 
carnage attached to the Horsley-Clarke instrument A response latency, 
significantly shorter than that observed on stimulation of the inspiratory 
center, was the cntenon chosen to mdicate a descendmg respiratory tract 
response 

In mitial experiments, exploration of the cord was earned out with smgle 



Fig 9 Phrenic nerve response to two equal shocks of low intensity apphed m succes- 
sion to the descending spinal respiratory pathways at mtcrvals of 0 3 to 8 0 in.Bec Stimuli 
appbed during mid-mspiration 

shocks apphed durmg mid-expiration Under these conditions, no responses 
of short latency were obtamed from any part of the cord However, from the 
lateral columns there were obtamed responses simila r to those shown m Fig 
1, but with significantly longer latenaes These responses undoubtedly repre- 
sent effects of stimulatmg afferent pathways with relay through the respira- 
tory center In subsequent experiments, m which shocks were apphed durmg 
nnd-mspuation, responses of bnef latency were obtamed from the antenor 
and antero-lateral columns of the cord These responses differed from those 
obtamed on stimulation of the mspuatory center m that the latency was 
shorter and the discharge more nearly synchronous In Fig 9 are presented 
records obtamed when two equal shocks of low mtensity were apphed to the 
antenor columns durmg mid-mspiration The response to the conditio nin g 
shock alone is shown m record I, to the testmg shock alone, m record J 
With mtervals of 0 3 m sec or less, no response was obtamed to the testmg 
shock When the mterval amounted to 0 7 to 1 7 m sec defimte facihtation 
was observed (C, D, E), which diminished as the mterval was prolonged to 
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spiratory center with repetitive stimuh of vanous intensities and frequen- 
cies (10) 

The present investigation throws hght on the ongm of the synaptic bar- 
rage impinging on the final motoneuron, and on the magmtude and time 
course of subnormahty of that neuron once it has been caused to fire A 

diagrammatic representation of these rela- 
tionships IB given m Fig 11 and 12 A 
strong shock apphed to the center A in Fig 
11 leads to a protracted voUey of impulses, 
which reaches its greatest magmtude at 
about 5 m sec , and must contmue with 
dimimshmg intensity for 30 or more m sec 
Some direct tract fibers impmge on moto- 
neuron B and mtemeuron C, but m the ab- 
sence of spontaneous activity m the system, 
the impulses dehvered by the direct col- 
laterals serve only to lower the threshold of 
the motoneuron to succeedmg impulses 
from center and mtemeuron Thus latency 
IS longer in expiration than m mspiration 
(Fig 1), for in the latter phase, an already 
faohtated motoneuron responds to the im- 
tial direct tract impulses Spmal mtemeurons must be relatively few in 
number for facihtation is bnef following a smgle shock to the cord, lasfang 
only a few m sec (Fig 9) 

An exact measurement of the absolute refractory phase for phremc 



Fig 11 A diagrammatic rep- 
resentation of inspiratory center 
phremc neuron relationships A, in- 
spiratory center, the neurons of 
■which are connected m a reverber- 
atmg circuit such that a smgle shock 
apphed to the center leads to a pro- 
tracted volley of impulses over the 
descendmg spinal pathways B, 
phremc neurons, receiving some di- 
rect respiratory tract collaterals and 
also termmations of local spinal in- 
terneurons, C 



Fig 12 A schematic representation of those factors which play a role in the regulation 
of firequency of phremc motoneuron discharge (modified after Adnan and Zottennan. 2) 
The hea^vy curve represents recovery of excitabihty of a phremc neuron once it has dis- 
charged an impulse The horizontal Imes represent the magmtudes of the mspiratory center 
barrage impinging on that neuron at various tunes durmg the developing inspiration The 
neuron will agam fire an impulse when it recovers to a pomt where its instantaneous ex- 
citabihty IS equal to the mamtamed level of excitation The dots on the horizontal hues 
represent the tunes at which impulses -will be discharged by the neuron at successive 
intervals during inspiration 
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repetitive activity of inspiratory center neurons These neurons have been 
shown to be extensively interconnected (10, 12) and are probably arranged m 
reverberating or reentry circuits 

Subnonnahty m these experiments did not seem to be essentially different 
from that observed m previous experiments {cf Fig 3), except for its earher 
appearance (record 91) To detenmne whether this subnormahty foUowmg 
discharge of phremc motoneurons is resident m these neurons or m the sur- 
roundmg mtemuncial pool, exatabihty was tested by a tract shock, foUowmg 
anhdrormc and tract conditiomng shocks The 4&, 5th and 6th cervical 
dorsal roots were sectioned ipsilateraUy, and the 5th cervical phremc root 
used for recordmg and stimulatmg One such experiment is illustrated m 
Fig 10 On the left (records A to I), a strong tract conditiomng shock was 
followed by a moderate tract testmg shock On the right (records J to R), 
the same testmg shock was apphed foUowmg an antidroimc conditiomng 
shock apphed to the phremc nerve Due to blockmg of the amplifier, a 
maximal antidroimc shock could not be used AH records were made durmg 
mid-mspiration 

As may be seen by comparmg the two sets of records, essentially the 
same tune course of reduced excitabihty was observed foUowmg trans- 
synaptic and antidromic exatation of phremc neurons Despite the difBcul- 
ties m mterpretmg results of antidroimc excitation (6), these experiments 
would seem to pomt to the phremc neurons as the site of the major depression 
of exatabihty However, ^ese experiments do not rule out the possibihty 
that respiratory center neurons or local spmal mtemeurons may also show 
subnormahty as a result of mtense activity imtiated by a strong conditiomng 
shock 


Discussion 

The repetitive imtiation of nerve impulses by a sensoiy receptor has been 
explained by Adrian and Zotterman (2) m terms of the tune course of re- 
covery of exatabihty of the receptor and the mtensily of the mamtamed 
stunulus For a bnef mterval after an impulse has been imtiated, the 
threshold of the receptor is infimte, recovery then begins, and the threkbold 
falls graduaUy toward the restmg level The higher the mtensily of the 
mamtamed stunulus, the sooner withm the recovery penod wiU it exceed 
the deaeasmg threshold of the receptor, and the earher wfil another impulse 
be imtiated As was inferred by these mvestigators, this concept may be 
apphed to repetitive discharge of motor neurons, if one substitutes for the 
constant stunulus actmg on the sensory receptor, a more or less statisticaUy 
constant barrage of impulses unpmgmg on the motor neuron by way of 
the many end feet covermg its soma and termmal dendntes The frequency 
at which impulses are imtiated by the motor neuron becomes a function of 
the time course of recovery of its exatabihty and the average mtensitv of 
this synpatic bombardment This concept has been apphed m ex-plaimng 
the discharge of phrenic motoneurons resultmg from stimulation of the in- 
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center to motoneuron as a result of delay pathways or reentry circmts withm 
the center Spmal mtemeuron repetitive activity plays a much less promi- 
nent role Subnormahty on the other hand is mainly resident withm the 
phremc motoneurons 

The repetitive discharge of phremc neurons which characterizes normal 
inspiratory activity may be explamed m terms of a balance between the 
degree of excitation of those neurons and their rates of recovery of ex- 
atabihty 

Acknowledgment The author is indebted to Mr John Hervey, of the Johnson Founda- 
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and Captain Eugene F Du Bois (MC), U S N R , for constructive criticism of the manu- 
script 


BIBLIOGRAPHY 

1 Adbian, E D , and Bronk, D W The discharge of impulses in motor nerve fibers 
J Physiol , 1928, 66 81-101 

2 Adrian, E D , and Zotterman Y The impulses produced by sensory nerve endings 
Part 2 The response of a single end organ J Physiol , 1926, 61 151-171 

3 Bronk, D W , and Ferguson, L K The nervous control of mtercostal respiration 
Amer J Physiol , 1935, 110 700-707 

4 Geseix, R , Atkinson, A K , and Brown, R C The gradation of the intensity 
of inspiratory contraction Amer J Physiol ,10 AX, 131 659-673 

5 Gesell, R , Magee, C , and Bricker, J Activity patterns of the respiratory neurons 
and muscles Amer J Physiol , 1940, 128 615-628 

6 Lloyd, D P C The interaction of antidromic and orthodromic volleys m a seg- 
mental spinal motor nucleus J Neurophyatol , 1943, 6 143-151 

7 Lorente de N<5, R Limits of variation of the synaptic delay of motoneurons 
J Neurophysiol , 1938, 1 187-194 

8 Lorente de Nd, R Analysis of the activity of the chains of intemuncial neurons 
J Neurophysiol , 1938, 1 207-244 

9 Pitts, R F The differentiation of respiratory centers Amer J Physiol , 1941, 134 
192-201 

10 Pitts, R F Excitation and inhibition of phremc motor neurons J Neurophysiol , 
1942,5 75-88 

11 Pitts, R F The functions of components of the respiratory complex cT Neuro- 
phystol , 1942, 5 403—413 

12 Pitts, R F , Magoun, H W , and Ranson, S W Interrelations of the respiratory 
centers m the cat Amer J Physiol , 1939, 126 689-707 

13 Pms, R F , Magoun, H W , and Ranson, S W The ongm of respiratory rhyth- 
micity Amer J Physiol , 1939, 127 654-670 

14 Ranson, S W , and Hinsey, J C Reflexes in the hind hmbs of cats after transection 
of the spinal cord at various levels Amer J Physiol , 1930, 94 471-495 

15 Renshaw, B Activity in the simplest spinal reflex pathways J Neurophysiol , 1940 
3 373-387 



REPETITIVE ACTIVITY AND PHRENIC NEURONS 453 


motoneurons has not been possible but it would seem to be between 1 and 3 
m sec But relative refractoriness, dnmnisbmg m magmtude, lasts up to 100 
m sec foUowmg discharge (Fig 7) For about 1 m sec following a strong 
shock to the center, no response to a second shock may be obtained How- 
ever there contmues to be delivered to the motoneuron an mcreasmg barrage 
of impulses, which more than offsets the depressed excitabihty after 5 m sec 
or so As this barrage diminishes m magmtude, the more prolonged depres- 
sion of excitabihty becomes evident, and may completely extinguish the 
response to the testmg shock at about 30 m sec (Fig 8) This depression of 
excitabihty m presumed to be resident chiefly m the phremc motoneurons on 
the basis of antidromic exatation experiments 

The conditions which obtam m normal respiration are obviously consid- 
ably different from those descnbed above A diagrammatic representation 
of the factors controlhng normal phremc motoneuron discharge are given m 
Fig 12 Durmg inspiration, the discharge of impulses from the center 
progressively increases, parallehng the degree of mspiratoiy expansion of 
the thorax (a'd'), until the inhibitory inflow from pulmonary afferents and 
the brainstem inhi bitory system (pneumotaxic center) cuts them off sharply, 
d' (11, 13) The honzontal hnes a-a', b-b', c-c’, d-d' represent magmtudes 
of this barrage of impulses (i e total number of impulses per umt tune) 
impmgmg on a given phremc neuron at any mstant These levels of exata- 
tion may be considered m relation to the curve on the left which represents 
recoveiy of exatabdity of that neuron once it has discharged an impulse 
The neuron wiU agam fire an impulse when it recovers to a pomt where its 
instantaneous exatabflity is equad to the mamtamed level of exatation 
Thus the dots on the honzontal hnes represent the tunes at which succeedmg 
impulses wiU be discharged for each level of exatation durmg the developmg 
inspiration Such a plot illustrates the basis for the characteristic slowly 
augmentmg and rapidly decreasmg frequency of discharge of phremc umts 
durmg the mspuatory cycle (5) The factors underlymg the phasic vanation 
m exatatory outflow from the mspiratory center have been treated elsewhere 
(11, 13) 


Summary 

A smgle shock, apphed to the mspuatory center m the medulla oblongata 
of the cat, leads to the discharge of unpulses over spmal respuatory path- 
ways for penods of 30 m sec or more If the stimulus is weak and applied 
durmg ex-puation, it wdl cause few phrenic neurons to respond, but will faoh- 
tate those neurons to subsequent shocks if they follow the first at mtervals 
of less than 30 m sec On the other hand, a strong stunulus produces this 
same facihtation, but smce it causes large numbers of phremc neurons to 
respond, it imtiates subnormahty m those neurons For an mitial nenod of 
20 m sec , the more sbort-hved facihtation outweighs subnormahty, but the 
latter dommates the picture durmg the succeedmg 100 m sec ^ 

Facihtation largely results from the continued dehvery of impulses from 
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